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ABSTRACT 
 
A growing body of evidence suggests that a substantial portion of the sediment 
and phosphorus delivered to surface waters from agricultural landscapes originates 
from stream bed and bank erosion.  Improved quality of information on the processes 
controlling the erosion and transport of sediment and phosphorus will aid in planning 
targeted conservation practices to reduce sediment and phosphorus export from 
agricultural landscapes.  A major objective of this research was to quantify the 
importance of stream bank erosion as a source of downstream sediment and 
phosphorus flux in a small agricultural watershed in Boone and Story counties, Iowa.  
Stream bank recession rates were estimated using erosion pins installed into a 
randomly selected subset of severely eroding banks.  Between March 2012 and May 
2015, bank sediment loss exceeded sediment export from the watershed by 29%.  
Phosphorus losses originating from stream bank erosion were found to account for 
35% of the cumulative particulate phosphorus export from the watershed.  Bank 
recession rates, along with sediment and phosphorus export, were closely related to 
maximum discharge rates.  Three major storm flow events contributed 79% of the 
cumulative recession, 49% of the total sediment export, and 38% of the particulate 
phosphorus export.  These results increase our understanding of the relative 
contribution and processes controlling erosion and transport of sediment and 
phosphorus from stream bank erosion. 
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CHAPTER I 
GENERAL INTRODUCTION 
 
Nonpoint source pollutants (NPS) are the primary threat to water quality in the 
United States (USEPA 1997).  Sediment and phosphorus, major NPS pollutants, are 
contributed largely from agricultural landscapes (USEPA 1997).  The primary focus of this 
study was sediment and phosphorus NPS pollutants within a small agricultural watershed 
in central Iowa. 
 Increased sediment loading is considered a leading water quality issue both across 
the United States (Simon et al. 1999) and in the Midwest (Iowa Department of Natural 
Resources 1997).  High sediment loading has been shown to have many negative 
environmental impacts.  In streams, excessive fine sediment degrades fish habitat by 
reducing area for cover, spawning, and food production (Lyons et al. 2000).  Sediment can 
additionally compromise aquatic integrity (Zimmerman 2003) via reduced species 
diversity (Lemly 1982; Gage et al. 2004) and primary productivity (O’Conner et al. 2012).    
In addition to environmental impacts, enhanced sediment loading can have negative 
economic effects.  Sedimentation can elevate flood risks by reducing stream channel 
volume (Barnes 1968) and reservoir capacity, requiring expensive dredging projects 
(Peterson et al. 1992; Wesche and Isaak 1999).  High sediment loading can also increase 
the operational costs for municipalities using streams as a source for drinking water due to 
a greater need for purification (Barnes 1968). 
 Sediment poses an additional environmental risk as a carrier of nutrients, 
particularly phosphorus, and toxic pollutants (ASIWPCA 1984).  Phosphorus is frequently 
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the limiting nutrient causing eutrophication (Daniel et al. 1998), a common impairment of 
surface waters in the United States (USEPA 1996).  Eutrophication can result in the 
excessive growth of undesirable plants and algae and, upon death and decomposition, can 
lead to hypoxic conditions that restrict water use for fisheries, recreation, drinking, and 
industry. 
 Much of the attention in sediment and phosphorus transport from agricultural lands 
has historically focused on surface runoff and management strategies to reduce upland 
sheet and rill erosion (King et al. 2015).  However, a growing body of research suggests that 
much of the sediment and phosphorus delivered to surface waters from agricultural lands 
originates from stream bed and bank erosion (Kronvang et al. 1997; Simon and Rinaldi 
2006; Mulla et al. 2008; Simon and Klimetz 2008; Wilson et al. 2008; Belmont et al. 2011).   
 Despite extensive conservation efforts to reduce sediment delivery from upland 
sheet and rill erosion, high sediment loads may persist even with a substantial reduction of 
this source, likely due to stream bed and bank erosion.  For example, Schilling et al. (2011) 
assessed stream bed and bank erosion within the Walnut Creek watershed within the Neal 
Smith Wildlife Refuge in south central Iowa where a large portion of the land area was 
converted to perennial vegetation.  Despite this, sediment export remained high, likely due 
to bank erosion, which accounted for 38 – 64% of the total annual sediment load (Schilling 
et al. 2011).  In another study channel sources were found to account for 17-92% of the 
total stream sediment loads within tributaries to Lake Pepin watershed in Minnesota 
(Belmont et al. 2011).  A central Iowa study utilizing radionuclide activities to trace 
sediment sources in a storm flow event found that sheet and rill erosion accounted for only 
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22% of the sediment contribution to the event, again indicating that channel sediment 
sources were dominant (Tomer et al. 2010). 
 Stream bank erosion can also be a major contributor to particulate and total 
phosphorus loads to surface waters (Sharpley et al. 1979).  Bank erosion has been 
estimated to supply up to 90% of stream total phosphorus loads in some Denmark streams 
(Kronvang et al. 1997).  In the Midwestern United States, estimates have generally been 
lower, although a wide range has been reported.  While a Minnesota study estimated that 
7-10% of the total phosphorus load was supplied by bank erosion (Sekely et al. 2002), an 
Illinois study estimated up to 56% of the total phosphorus load originated from stream 
bank erosion (Roseboom 1987). 
Stream bank erosion may have been accelerated due to the combined effects of 
sediment accretion from erosion of historical agricultural uplands, altered watershed 
hydrology from increased tile drainage and channelization projects, and the subsequent 
change and removal of riparian vegetation (Lawler et al. 1999, Schilling and Wolter 2000, 
Laubel et al. 2003, Zaimes et al. 2008, Collins et al. 2010, Raven et al. 2010, Yan et al. 2010, 
Schilling et al 2011).  Additionally, the conversion of native vegetation to row crops has 
increased the water volume flowing into streams (Fitzpatrick et al. 1999, Gilliam and 
Skaggs 1986, Raymond et al. 2008, Schilling et al. 2008).  These compounded effects have 
converted naturally meandering streams to deeply incised and widened channels.  These 
unstable channels will contribute a significant amount of sediment from stream bed and 
bank erosion as the system undergoes a decades-long evolution towards equilibrium and 
stability (Schumm et al. 1984). 
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This thesis results from an over three-year effort to quantify rates of stream bank 
erosion and measure sediment and nutrient flux from the small, agricultural Onion Creek 
watershed in central Iowa.  The first study (Chapter 2) examines the erosion and transport 
of stream bank sediment with an emphasis on storm flow events.  Sediment losses 
attributable to stream bank erosion were compared with watershed sediment export to 
estimate the contribution of bank erosion to total sediment loads.  The second study 
(Chapter 3) examines stream bank erosion and sediment transport as sources of stream 
water phosphorus.  To determine the importance of stream bank erosion in watershed 
phosphorus flux, phosphorus losses originating from bank erosion were compared with 
watershed phosphorus export.  These studies expand on a project initiated by Leete 
(2013), who assessed stream bank stability in Onion Creek and found that hydrologic 
factors dominated over adjacent riparian land use. 
The extent and magnitude of environmental and economic risks posed by enhanced 
sediment and phosphorus loading necessitates additional research to improve our 
understanding of the processes controlling the release and transport of sediment and 
phosphorus from agricultural landscapes.  To achieve water quality goals, studies are 
needed that work to characterize and manage sources of sediment and phosphorus to 
stream systems so that soil and water management practices can be targeted more 
effectively.  These studies additionally provide a valuable data set for researchers working 
to model sediment and phosphorus flux from small agricultural watersheds to help provide 
a baseline and metrics for water quality improvement goals. 
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CHAPTER II 
EROSION AND TRANSPORT OF STREAM BANK SEDIMENT WITHIN A CENTRAL IOWA 
STREAM CHANNEL 
 
Abstract 
A growing body of evidence suggests that the primary source of sediment to streams 
in watersheds with significant hydrologic alteration has, in recent decades, shifted from 
upland sheet and rill erosion to gully and stream channel erosion.  Acceleration of bank 
erosion processes is the result of channel instability, likely caused by the combined actions 
of sediment accretion from erosion of historical agricultural uplands, altered watershed 
hydrology, and the subsequent change and removal of riparian vegetation.  This study 
reports a three-year effort to quantify stream bank recession and measure sediment flux 
within the Onion Creek watershed, a small agricultural basin in Boone and Story counties, 
Iowa.  Stream bank recession rates were measured using erosion pins installed into a 
randomly selected subset of severely eroding banks.  A subset of erosion pin plots was 
randomly selected for more frequent monitoring, allowing for estimates of recession from 
individual stream flow events.  Measured recession was combined with eroding stream 
bank length and height data and a weighted mean bulk density to estimate sediment loss 
attributable to stream bank erosion.  Stream bank sediment loss was compared to sediment 
export measured near the watershed outlet.  During the March 2012 – 2015 study period, 
sediment loss from stream banks exceeded export from the watershed by 29%, indicating 
significant storage within or adjacent to the stream channel.  High channel storage resulted 
from erosion events that failed to transport a large portion of the eroded sediment.  
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Additionally, extended periods of low flow within Onion Creek may have allowed the 
sediment that had been previously eroded from stream banks to accumulate within the 
channel.  Both of these conditions may have created a supply of previously eroded 
sediment within the stream channel that could be easily mobilized and incorporated into 
the sediment loads of subsequent flow events with sufficient capacity to transport the 
eroded sediment.  Stream bank recession rates and sediment export were both closely 
related to peak event discharge rates.  Over the study period, 79% of the cumulative bank 
recession and 49% of the sediment export occurred in about 12 days during three major 
storm flow events.  Results from this study add to our understanding of the importance of 
stream bank erosion as a source of sediment and provide insight into processes controlling 
the erosion and transport of sediment.  This information will aid in planning well-targeted 
conservation practices to mitigate sediment loading from agricultural watersheds. 
 
Introduction 
Sediment is considered a primary water quality issue across the United States 
(Simon et al. 1999; USEPA 1997) and in the Midwest (Iowa Department of Natural 
Resources 1997).  Excessive fine sediment in streams degrades fish habitat by reducing 
area for cover, spawning, and food production (Lyons et al. 2000).  High sediment loading 
additionally reduces gross primary productivity (O’Conner et al. 2012) and species 
diversity (Lemly 1982; Gauge et al. 2004).  Water-borne sediment can also be a carrier of 
particulate-bound phosphorus, which poses additional environmental risks to aquatic 
systems (USEPA 1997).  High sediment loads can also have negative economic impacts, 
including increased operational costs for municipalities using streams for drinking water 
11 
 
 
(Barnes 1968).  Sedimentation reduces stream channel volume and reservoir capacity, 
elevating flood risks (Barnes 1968) and creating the need for expensive dredging projects 
(Peterson et al. 1992; Wesche and Isaak 1999).   
A growing body of research suggests that stream channels have replaced upland 
sources in recent decades as the primary source of sediment to surface waters in 
watersheds with significant hydrologic alteration (Simon and Rinaldi 2006; Mulla et al. 
2008; Simon and Klimetz 2008; Wilson et al. 2008; Belmont et al 2011).  In Walnut Creek in 
south central Iowa, Schilling et al. (2011) estimated that stream bank erosion accounted for 
38 – 64% of the total annual sediment load.  A study in Tipton Creek in central Iowa that 
utilized radionuclide activities to trace sediment sources in a storm flow event indicated 
that channel sources were dominate, with sheet and rill erosion contributing only 22% of 
the sediment to the event (Tomer et al. 2010).  Stream bank-derived sediment can also be a 
major source of downstream nutrient flux as a carrier of particulate phosphorus (Zaimes et 
al. 2004). 
Stream bank erosion seems to have been increased as a result of bank instability 
from the combined effects of sediment accretion from historical erosion of agricultural 
uplands, altered watershed hydrology through large-scale agricultural channelization 
projects and tile drainage, and the subsequent change and removal of riparian vegetation 
(Lawler et al. 1999; Schilling and Wolter 2000; Laubel et al. 2003; Zaimes et al. 2008; 
Collins et al. 2010; Raven et al. 2010; Yan et al. 2010; Schilling et al. 2011).  These 
compounded effects have converted naturally meandering streams to deeply incised and 
widened channels.  These unstable channels will contribute a significant amount of 
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sediment from stream bed and bank erosion as the channel undergoes a decades-long 
evolution towards equilibrium and stability (Schumm et al. 1984).   
Given the extent of hydrologic alteration in the Midwest, it is critical that further 
research addresses the impact of stream equilibrium status and channel evolution stage on 
watershed sediment flux (Palmer et al. 2014).  Despite extensive conservation efforts to 
reduce sediment delivery from upland sheet and rill erosion, high sediment loads may 
persist in watersheds with significant hydrologic alteration, again implicating stream bed 
and bank erosion as a major source of sediment (Schilling et al. 2011).   
This study estimates stream bank erosion and sediment flux in a small agricultural 
watershed in central Iowa for over three years.  Specific objectives were to 1) measure 
event-based and annual watershed sediment flux 2) estimate event-based and annual 
sediment loss from stream bank erosion at representative sites; 3) estimate the 
contribution of stream bank erosion to watershed sediment loads.  Results from this study 
are intended to increase our understanding of the relative contribution of stream bank 
erosion to watershed sediment flux and the processes controlling the release and transport 
of sediment so that management practices to reduce sediment loading can be targeted 
more effectively. 
 
Materials and Methods 
Study area 
Onion Creek is a warm-water stream that drains a 5,700 ha watershed through 42 
km of channels in Boone and Story Counties, Iowa (Fig. 2.1).  Lying within the Des Moines 
Lobe Level IV Ecoregion (47b), a subdivision of the Western Corn Belt Plains Level III 
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Ecoregion (47), the Onion Creek watershed is characterized by nearly level to gently rolling 
glaciated till plains and poorly developed drainage (USEPA 2015).  Once covered by mostly 
tall grass prairie, over 80% of the Western Corn Belt Plains Ecoregion is now used for row 
crop agriculture, with much of the remainder in forage for livestock (USEPA 2015).  This 
ecoregion is a humid, continental region, with an average annual precipitation of around 
870 mm. 
 
 
Figure 2.1. Map of the Onion Creek watershed, stream channels, and 27 study reaches;             
G = grassland reach; GT = grass-tree mix reach; T = riparian forest reach. The frequently 
monitored focus subset reaches are in red text. 
 
Onion Creek flows through Wisconsin glacial till and Holocene alluvial deposits 
before reaching its confluence with Squaw Creek, a tributary of the South Skunk River, 
northwest of Ames, Iowa.  The watershed was identified as having the highest rate of 
sediment delivery of the six subwatersheds of Squaw Creek, contributing 0.3 Mg ha-1 yr-1 of 
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sediment via sheet and rill erosion (Wendt 2007).  Land use in the watershed consists of 
86% corn and soybean rotation (Wendt 2007), concentrated mostly in the upper portions 
of the watershed.  The remaining area is comprised of grassland, forest, pasture, and a 
small amount of suburban development.  Riparian land use along Onion Creek and its 
tributaries, starting in the headwaters down to the confluence with Squaw Creek, consists 
of row crop, grassland, grass-tree mix, and riparian forest. 
Stream bank erosion along Onion Creek was not found to be particularly severe 
compared to other subwatersheds of Squaw Creek, but it is still likely a major source of 
sediment (Wendt 2007).  Several advanced stages of channel evolution (Simon 1989) were 
identified within the stream system, most commonly Stage V, aggradation and widening 
(Leete 2013).  Prior to reaching the current channel evolution stage, tall and unstable 
banks developed as the stream incised into its floodplain.  This instability likely resulted 
from the combined effects of sediment accretion along the stream network from erosion of 
historical agricultural uplands (Yan et al. 2010), altered watershed hydrology from 
channelization, increased tile drainage, and rapid runoff generated from conversion of 
>80% of the native vegetation to row crop, along with the subsequent change and removal 
of riparian vegetation (Lawler et al. 1999; Schilling and Wolter 2000; Laubel et al. 2003; 
Zaimes et al. 2008; Collins et al. 2010; Raven et al., 2010; Schilling et al. 2011).  The stream 
state and discharge responds rapidly to precipitation. 
 
Stream survey 
In spring 2011 the Iowa Department of Natural Resource’s Rapid Assessment of 
Stream Conditions Along Length (RASCAL) protocol was utilized to map riparian land use 
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and the location of severely eroding stream banks along Onion Creek and its tributaries 
(Leete 2013).  Severely eroding stream banks were identified using visual assessment 
criteria developed by the Natural Resources Conservation Service (USDA-NRCS 1998).  No 
distinction was made between severely and very severely eroding banks in this survey, as 
methods differentiating between these two classifications have been shown to be 
unreliable in predicting differences in erosion rates (J. Palmer, personal communications, 
2010).  As defined in this assessment, banks with low vegetative cover, overhanging 
vegetation, slumps, and/or fallen trees were classified as severely eroding.  Stream banks 
lacking evidence of severe erosion were not considered to be a significant contributor to 
the total sediment load in Onion Creek and were therefore not monitored in this study.   
 The locations of eroding stream banks, along with heights and lengths, were 
recorded using Global Positioning System (GPS) devices.  Bank lengths were determined 
using a fabric measuring tape and heights using a scaled height pole.  Location and 
attribute data collected during the stream survey were compiled into a Geographic 
Information Systems (GIS) program (ArcMap 10, ESRI INC, Redlands, California) for 
analysis.  Results from the 2011 stream survey were used to select locations to monitor 
rates of stream bank recession. 
 
Erosion pin plot assignment 
 To select plots for erosion pin installation, Onion Creek and its tributaries were 
divided into segments based on riparian land use.  Stream segments were classified based 
on similar land use characteristics.  The segments were given a length of 20 – 30 times the 
channel width.  This length was chosen to adequately capture the sinuosity (or lack 
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thereof) within a stream reach and the associated erosional and depositional processes 
that occur along a meandering or channelized reach.  Under the assumption that a stream 
meander wavelength naturally occurs over a distance of ~14 times the channel width 
(FISRWG 1998), this length should capture about two meander lengths and the associated 
fluvial processes.  In some locations stream segments were given shorter lengths when 
restricted by tributary confluences, bridges/culverts, and/or a change in land use.   
Riparian land use classifications included grassland, pasture, grass-tree mix, and 
riparian forest.  Grass-tree mix was defined simply as land cover where trees were present 
but grass was the dominant form of vegetation.  Riparian forest was defined as having trees 
as the dominant vegetation.  In the Onion Creek watershed, row crops were at least 11 m 
away from the stream channel.  For this study, the vegetation in direct contact with the 
stream channel was assumed to be most relevant in assessing stream bank stability 
(Peacher 2011) and, therefore, row crop was not included as a riparian land use 
classification.  Pasture reaches constituted only ~7% of the total surveyed stream length, 
and were also excluded since they did not constitute enough length to be studied 
representatively.   
Nine stream reaches ranging from 375 to 403 m in length were randomly selected 
from each of the three riparian land uses of grass, grass-tree mix, and riparian forest, for a 
total of 27 study reaches within Onion Creek (Fig. 3.1).  The total length of severely eroding 
stream bank was summed for each study reach.  Within each reach, we randomly selected 
severely eroding bank lengths to receive an eight-meter length pin plot, until at least 20% 
of the actively eroding stream length was selected (Willet et al. 2012).  The position of the 
eight-meter pin plot within the eroding length was also chosen randomly to incorporate 
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the influence bank position on erosion rates (da Silva et al. 2006; Hooke 1980).  When a 
selected segment was eight meters in length or less, pins were installed along the entire 
length (Leete 2013).  A short (eight-meter) plot length was chosen as the random 
placement of short pin plots may capture more subtle erosion and deposition activity 
(Kronvang et al. 2012).   
 
Stream bank erosion measurements 
In May and June 2011, erosion pins were installed horizontal to the stream bed and 
spaced horizontally at two meter intervals.  Pins were placed at ½ bank height for banks 
less than one meter in height.  For banks between one and two meters in height, pins were 
spaced vertically at ⅓ and ⅔ bank height.  Banks over two meters received pins a ¼, ½, 
and ¾ bank height.  The erosion pins used were 762 mm long and 6.2 mm diameter steel 
rods, the same dimensions used in several other recent studies (Laubel et al. 2003, Zaimes 
et al. 2006, 2008, Palmer et al. 2014).  Within the 27 study reaches, a total of 1609 erosion 
pins were installed into 169 erosion pin plots, for an average of ~10 pins per plot. 
Measurement of the “full pin set”, which included all erosion pin plots, began in June 
2011.  The full pin set was measured twice a year (approximately every six months).  From 
the full pin set, two stream reaches from each of the three land use treatments were 
randomly selected for more frequent monitoring.  This “focus subset” was measured year-
round on a monthly basis and after each flow event, and consisted of six stream reaches 
containing 37 pin plots and a total of 313 erosion pins.  The focus subset was used to 
estimate bank erosion from individual stream flow events, along with erosional and 
depositional trends occurring over shorter timescales.  Erosion rates for the focus subset 
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are reported separately in this study and also compiled into biannual rates.  A total of seven 
biannual measurements of the full pin set and 46 focus subset measurements have taken 
place since bank monitoring began in June 2011.  Included in this study are pin 
measurements conducted since March 2012, when watershed sediment flux monitoring 
began and allowed for comparisons with stream bank sediment loss. 
To obtain recession rates, the length of the exposed erosion pins was measured and 
compared to the previous reading.  A positive pin reading (lengthening of the pin exposure) 
was considered erosion while a negative pin reading (shortening of the pin exposure) was 
considered deposition.  All negative pin readings were included with positive readings to 
develop the overall average erosion and deposition rates (Couper et al. 2002).  Upon 
measurement of the biannually measured full pin set, if > 15 cm was exposed, the pin was 
reinserted to approximately 10 cm.  The actual length of the exposure was recorded to 
begin the next measurement period.  Since measurements occurred more frequently on the 
focus subset, the pin was allowed to be exposed > 20 cm before reinsertion to minimize 
bank disturbance.  Missing pins were recorded as completely eroded and the recession 
during the preceding time period was assumed to be 65 cm.  A recession slightly less than 
the total pin length was chosen since pins may pull from the bank face under their own 
weight when almost fully exposed (Hooke 1977, Zaimes et al. 2004, 2006, 2008).  Buried 
erosion pins were recorded as deposition.  The buried pin was given an exposed length of 
zero, with the total deposition assumed to be the length of exposed pin from the previous 
reading.  Until buried pins became re-exposed in subsequent measurements, no change 
was recorded for these locations (Willet et al. 2012).  In cases where we were unable to 
determine whether a pin was eroded or buried, no change in the exposed length was 
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entered and the pin was replaced.  For each measurement period, 95% confidence intervals 
were calculated for recession rates. 
 
Suspended sediment load estimation 
 Suspended sediment concentrations, sediment export loads, and stream discharge 
have been monitored in the Onion Creek watershed since March 2012.  Precipitation data 
was obtained from a weather station operated by NOAA’s National Climatic Data Center 
(NOAA 2012-15) located just south of the Onion Creek watershed divide (Station ID: 
COOP:130200). 
Water samples were collected at a fixed monitoring site near the outlet of the 
watershed, 0.75 km upstream from the confluence of Onion Creek and Squaw Creek.  From 
April through August 2012, 5-minute stage data were recorded by an area velocity flow 
module at the monitoring site.  The flow module was removed in August 2012 due to low 
flow conditions.  Between August 2012 and April 2013, stream stage was recorded every 
two weeks as grab sampling was conducted.  Given the low flow conditions between August 
2012 and April 2013, this time period contributed relatively little to total sediment loads.  
A sensor maintained by the Iowa Flood Center (IFC 2013-15) located upstream in the 
watershed (bridge at N 500th Avenue, County Road R38) has recorded 15-minute stream 
level data in Onion Creek since July 2012.  The stream level data recorded by the upstream 
sensor was strongly correlated with the stage at the monitoring site.  Beginning in May 
2013 and for the remainder of the study, the stream level recorded by the upstream sensor 
was converted to stage at the monitoring site (values every 15-min) using a linear 
relationship.  Stream discharge was determined across a range of stages using a Marsh-
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McBirney Flo-mate™ 2000 stream velocity meter (Marsh-McBirney Inc., Frederick, 
Maryland).  Stage data was converted to discharge using a rating curve developed at the 
monitoring site. 
 Water sample collection for determining suspended sediment concentrations was 
conducted using three methods.  Grab samples were collected manually every two weeks 
throughout the entire study period, with more frequent monitoring during storm flow 
events (Kronvang and Bruhn 1996).  To supplement periodic grab samples, an automatic 
carousel sampler was installed in April 2012 and programmed to collect samples 
throughout the duration of flow events.  The automatic sampler was also removed in 
August 2012 due to low flow conditions.  Beginning in 2013, depth integrated samples 
were collected manually throughout the duration of flow events, similar to traditional USGS 
methods.  As a competing method, grab sampling was also conducted at the same time as 
depth integrated sampling during flow events.  Data from these two sampling methods 
were then compiled into a mean sediment concentration for each sampling time. 
 Suspended sediment concentrations were measured by filtration (ASTM 1997).  A 
25 – 50 mL subsample, depending on sediment concentrations, was vacuum filtered 
through an oven-dried, pre-weighed 0.45 µm cellulose membrane filter (Leete 2013).  After 
filtration, the filter was again oven dried and weighed to determine suspended sediment.  
During each filtration process, three 25- 50 mL samples of deionized water were filtered as 
a control.  Suspended sediment concentrations were interpolated with stage readings 
between sampling times (Kronvang and Bruhn 1996).  Sediment export loads were 
calculated as the product of sediment concentration and discharge. 
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Estimation of stream bank erosion contribution 
 Recession rates measured at erosion pin plots were used to estimate sediment 
contribution from eroding stream banks in the Onion Creek watershed.  The total length 
and average height of eroding banks recorded in the 2011 stream survey were used to 
determine the surface area of severely eroding stream banks.  The surface area of the 
eroding length was combined with mean recession rates measured at pin plots to 
determine the volume of soil lost to stream bank erosion.  The soil volume was combined 
with a weighted mean bulk density obtained from soil sampling to quantify sediment 
contribution from severely eroding stream banks. 
 To determine a bulk density representative of Onion Creek stream banks, a survey 
of bank soil units was conducted prior to soil sampling within banks randomly selected 
from the focus pin subset.  The bank soils survey was used to select locations to sample soil 
within two distinct soil units identified within stream banks.  Soils were divided into two 
major classifications based on their parent material; the Holocene DeForest Formation 
(alluvium) and the Pleistocene Dows Formation (loamy glacial till).  Higher on the bank 
face, a lower-density, moderately-sorted and gravel-poor unit containing organic matter 
was classified as the Holocene DeForest Formation (Fig. 2.2).  A unit found lower on the 
bank face that consisted of a dense, poorly-sorted mixture of clay, silt, sand, and gravel and 
that contained little or no organic matter was classified as the Dows Formation (Fig. 2.2).  
The Dows Formation is a defining constituent of the Des Moines Lobe glacial landform 
region (IDNR 1996).  The height of each formation was recorded at each pin plot within the 
focus subset.  The measured heights were used to determine the proportion each formation 
comprised of the total bank height within the watershed.  As focus subset locations were 
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selected randomly and distributed throughout the stream length, these proportions were 
assumed to be the best representation of stream banks within the entire watershed.  In 
many reaches in the Onion Creek watershed, there is no exposure of the Dows Formation 
and banks are formed entirely in Holocene alluvium. 
To relate bank recession rates from pin measurements (length/time) to bank-
sediment supply rates (mass/time), fixed-volume samples were collected from 
representative exposures of each formation to determine bulk density.  Stream banks were 
randomly selected from the focus subset until six sampling locations within each formation 
were chosen.  Both formations were present in one selected bank, resulting in 11 separate 
banks selected for sampling.  A total of 20 bulk density samples were collected, with six 
Dows Formation and 14 DeForest Formation samples.  Samples were collected between 
erosion pin locations or within 2 m of the pin plot to maintain consistency with pin spacing.  
Dows Formation sampling was conducted at ½ the height of the unit.  Holocene sampling 
was conducted at 0.5 m height intervals above the Dows Formation.  The 0.5 m interval was 
used to capture any upward variability within the Holocene alluvium.  Samples were 
collected using a 7.6 cm long x 7.6 cm diameter soil core.  The soil was dried at 105° C until 
all samples attained a stable weight.  The dry soil weight was divided by the volume of the 
soil core to determine bulk density.  Relatively little variability was found in the Holocene 
samples, and values were averaged for each formation.  The final bulk density for stream 
banks was calculated by weighting the mean bulk density for the two formations by their 
proportion of the total bank height. 
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Figure 2.2. Darker Holocene alluvium over lighter colored Dows Formation on bank face. 
Photo: Brian Noonan 
 
 
 Recession data from erosion pin plot measurements were averaged into a single 
erosion rate for the entire watershed.  Biannual and annual recession rates were estimated 
from measurements of the full pin set.  Data from the randomly selected focus subset were 
assumed to represent bank erosion activity within the entire basin as these measurements 
were strongly correlated with the measurements recorded biannually on the full pin set 
(Fig. 2.3).  Recession rates for individual flow events were estimated from focus subset 
measurements.  Recession rate values were combined with eroding length and height data 
recorded in the 2011 stream survey and the weighted mean bulk density to estimate 
sediment losses attributable to stream bank erosion.   
 Stream bank sediment contribution to sediment export was estimated by dividing 
sediment losses originating from bank erosion with sediment export from the Onion Creek 
watershed.  Bank sediment loss in excess of watershed export was assumed to be stored 
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within or adjacent to the stream channel.  To estimate channel/floodplain storage and the 
overall contribution of bank erosion to sediment export from the watershed, cycles of 
weathering deposition and removal were excluded from bank loss calculations due to 
differences in bulk density of weathering-deposited sediment. 
 
 
Figure 2.3. Comparison between focus subset (orange points/line) and full pin set (blue 
points) recession measurements. Error bars represent 95% confidence intervals. 
 
Results 
Hydrology 
Discharge and precipitation data were partitioned into biannual (approximately six-
month) periods for the full pin set (Table 2.1) and focus subset measurement periods 
(Table 2.2) to coincide with stream bank monitoring.  The first half of the study period from 
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March 2012 – October 2013 was dominated by drought conditions, and had a low mean 
daily discharge of 0.27 m3/s.  No stream discharge was observed near the outlet of the 
watershed during the summers of 2012 and 2013 and until spring in the following years.  
Base flow resumed in spring 2014 and was continuous through May 2015.  Mean daily 
discharge was 0.54 m3/s over the latter half of the study from October 2013 – May 2015, 
twice the average discharge that was observed during the first half of the study.  
Precipitation was equally variable during the study period.  Partitioned into biannual 
periods, precipitation ranged from 130 mm during the October 2012 – April 2013 period to 
704 mm during the May 2014 – November 2014 period, with lower precipitation over 
winter months (Table 2.1).  Average annual precipitation over the study period was around 
830 mm. 
Following the precipitation pattern, mean daily discharge ranged from 0.04 m3/s 
amid drought conditions in October 2012 – April 2013, to 1.03 m3/s in May – November 
2014, with lower average discharge over winter periods (Table 2.1).  Much of the water 
exported during the April – October 2013 period can be attributed to a large multiple-day 
storm event in May 2013.  During this event, discharge peaked at over 21 m3/s and nearly 
800,000 m3 of water was exported in a single day (Table 2.1).  Over 15 million m3 of water 
was exported from the basin in May – November 2014 as frequent storm events occurred 
during this time period.  Maximum discharge rates recorded during biannual periods 
ranged from 0.4 m3/s to a high of 24.1 m3/s following a major storm event in May 2014 
(Table 2.1).  Cumulative discharge over the study period totaled 41.2 million m3.
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Table 2.1  
Summary of Onion Creek recession rates for severely eroding stream banks, precipitation, discharge, and suspended sediment 
loads for full pin set measurements. 
  
Mar 25 2012 - 
Oct 20 2012 
Oct 20 2012 
- Apr 5 2013 
Apr 5 2013 - 
Oct 1 2013 
Oct 1 2013 - 
May 23 2014 
May 23 2014 - 
Nov 12 2014 
Nov 12 2014 -  
May 11 2015 
Overall 
average Total 
Recession (cm) 0.95 0.85 4.47 5.30 0.94 -0.03 2.08 12.49 
95% confidence 0.31 0.28 0.59 0.69 0.48 0.54   
% total recession 8 7 36 42 8 0   
Precipitation (mm) 578 130 515 370 704 197 416  
Mean daily discharge (m3/s) 0.18 0.04 0.61 0.24 1.03 0.48   
Max daily water vol (m3/d) 238000 32450 794710 495963 492720 265769   
Max discharge (m3/sec) 3.7 0.38 21.20 24.06 16.03 4.27   
Cumulative discharge (m3) 3659467 523297 9450305 4764071 15322684 7487644  41207468 
Bank sediment loss (Mg) 543 488 2559 3032 537 -14 1191 7144 
Sediment export (Mg) 367 21 1933 809 2502 57 948 5689 
% total sediment export 6 0 34 14 44 1   
% bank contribution 148 2312 132 375 21 0 126 126 
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Table 2.2. Summary of Onion Creek recession rates for severely eroding stream banks, 
discharge, and suspended sediment loads for focus subset measurement periods. 
Measurement 
 period 
Recession 
(cm) 
% Total 
recession 
Max 
discharge 
(m3/sec) 
Cumulative 
discharge 
(m3) 
Watershed 
sediment 
export (Mg) 
Bank 
sediment 
loss (Mg) 
3/25/12 - 4/12/12 0.20 2 0.8 363904 8.8 115 
4/12/12 - 4/17/12 1.15 9 3.7 586735 282.1 655 
4/17/12 - 4/26/12 0.01 0 1.5 555567 14.6 7 
4/2612 - 5/4/2012 0.17 1 1.1 374469 11.1 98 
5/4/12 -5/30/12 -0.01 0 1.1 894686 16.8 -7 
5/30/12 - 6/7/12 -0.15 -1 0.5 205815 3.4 -84 
6/7/12 - 6/21/12 0.00 0 0.8 405548 17.5 -2 
6/21/12 - 8/2/12 0.04 0 0.4 247847 6.4 23 
8/2/12 - 8/31/12 0.33 3 0.5 24897 6.3 187 
8/31/12 - 10/20/12 -0.52 -4 0.0 0 0.0 -299 
10/20/12 - 1/17/13 -1.22 -10 0.0 0 0.0 -695 
1/17/13 - 1/31/13 -0.03 0 0.0 0 0.0 -17 
1/31/13 - 3/16/13 1.49 12 0.4 126698 13.8 852 
3/16/13 - 4/7/13 1.09 9 0.4 396599 7.3 625 
4/7/13 - 4/25/13 0.62 5 2.7 1505331 147.7 355 
4/25/13 - 5/22/13 0.00 0 1.4 2007276 53.2 3 
5/22/13 - 6/3/13 2.68 21 21.2 2876301 1665.0 1532 
6/3/13 - 7/8/13 -0.19 -2 1.4 2757034 65.0 -110 
7/8/13 - 7/26/13 -0.14 -1 0.0 284172 1.7 -78 
7/26/13 - 8/22/13 0.15 1 0.0 20192 0.0 86 
8/22/13 - 10/1/13 0.23 2 0.0 0 0.0 134 
10/1/13 - 11/7/13 -0.19 -1 0.0 0 0.0 -107 
11/7/13 - 12/12/13 -0.48 -4 0.0 0 0.0 -273 
12/12/13 - 1/15/14 -0.20 -2 0.0 0 0.0 -114 
1/15/14 - 2/19/14 -0.14 -1 0.0 0 0.0 -80 
2/19/14 - 3/20/14 0.97 8 11.2 1441784 127.7 556 
3/20/14 - 4/25/14 -0.40 -3 1.3 1127605 31.2 -229 
4/25/14 - 5/23/14 5.45 43 24.1 2194682 656.7 3118 
5/23/14 - 6/16/14 -0.24 -2 4.2 1935258 154.2 -140 
6/16/14 - 6/24/14 0.24 2 7.7 1141352 588.8 136 
6/24/14 - 7/7/14 1.72 14 16.0 2816581 1018.3 986 
7/7/14 - 8/25/14 -0.40 -3 7.4 2210219 35.2 -228 
8/25/14 - 9/22/14 0.21 2 8.7 2539000 445.9 119 
9/22/14 - 11/12/14 0.42 3 6.5 4680273 253.6 240 
11/12/14 - 1/20/15 -2.14 -17 0.4 2279983 3.5 -1223 
1/20/15 -2/24/15 -0.47 -4 0.4 1153767 0.0 -267 
2/24/15 - 5/11/15 2.43 19 4.3 4053894 53.4 1390 
Total 12.70   41207468 5689 7262 
Average 0.34    154 196 
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Stream survey 
 The stream survey identified 20.1 km (24% of the total surveyed stream bank 
length) of Onion Creek as severely eroding (Leete 2013).  During the survey, 1,676 
severely eroding stream bank segments were noted (Leete 2013).  The average eroding 
stream bank height was 2.05 m from the stream bed to the top of bank (Leete 2013).  
The length of the channels surveyed was 41.2 km (or 82.2 km of bank on both sides of 
the stream) (Leete 2013).  The total length of stream channels comprising the main 
stem of Onion Creek and its tributaries was 42.3 km (Leete 2013).  About 1.1 km of the 
system was not surveyed because it flowed through bridges/culverts and beaver ponds, 
which were not considered to be representative stream lengths.  In the assessment of 
riparian land use, 15.6 km of stream channel was categorized as grassland, 10.1 km as 
grass/tree mix, 12.4 km as riparian forest, and 3.1 km as pasture, with the remaining 
length (1.1 km) comprised of bridges/culverts and beaver ponds (Leete 2013). 
Although riparian land cover was used initially to select plots for erosion pin 
installation, eroding lengths were not evaluated by adjacent land cover type in this 
study.  This was due to the confounding effects of hydrologic factors such as channel 
sinuosity, gradient, and watershed position that were associated with land cover types 
(Leete 2013).  A previous assessment of stream bank stability in the Onion Creek 
watershed found that hydrologic factors dominated over adjacent riparian land use 
classifications (Leete 2013).  This study therefore focuses on quantifying stream bank 
erosion rates on a watershed scale rather than on differences in erosion rates among 
riparian vegetation classifications. 
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Stream bank recession 
A total of six full pin set measurements were conducted during the study period, 
for a cumulative 7,927 individual erosion pin readings.  A total of 37 measurements of 
the focus subset took place during the study period, for a cumulative 9,460 individual 
pin readings.  The number of pins measured in each biannual and focus subset 
measurement period varied as pins became buried and were subsequently re-exposed.  
The average over the study was 1,321 pin readings in each full pin set measurement 
and 256 pin readings in each focus pin measurement.   
Full pin set measurements incorporated three summer and three winter periods.  
Winter was defined as the fall through spring biannual measurement periods (around 
October/November – April/May), while summer was defined as the spring through fall 
biannual measurement periods (around April/May – October/November).  Biannual 
recession rates varied significantly across time, ranging from a low of -0.03 cm/period 
(net deposition) over the November 2014 – May 2015 measurement period, to a high of 
5.3 cm/period recorded during the October 2013 – May 2014 period (Table 2.1).  The 
average biannual recession rate was 2.1 cm per biannual period, for an average annual 
recession rate of 4.2 cm/yr (Table 2.1).  Biannual recession rates were determined by 
averaging recession recorded on all pins measured within the full pin set during that 
time period.  The average annual recession rate was estimated by averaging the 
cumulative recession over the approximately three-year study period, and represents 
the best long-term estimate of stream bank erosion activity within the Onion Creek 
watershed. 
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From monitoring of the full pin set, average cumulative stream bank recession 
over the study period was 12.5 cm, with a 95% confidence range of 9.6 to 15.4 cm.  
Though erosion pin monitoring began prior to the study period in June 2011, only 
measurements recorded since March 2012 were compiled into the cumulative 
recession for this study.  Pin measurements that occurred prior to the study period 
from June 2011 – March 2012 indicated an apparent net deposition of 1.7 cm (Fig. 2.3).  
Therefore, the cumulative pin recession calculated for the March 2012 – May 2015 
study period began at a negative value.  Cumulative recession since monitoring began in 
June 2011 was 10.8 cm (Fig. 2.3).  
Stream bank recession measured on the frequently monitored focus subset was 
consistent with the full pin set (Fig. 2.3).  Cumulative recession calculated from focus 
subset measurements alone was 12.7 cm (Table 2.2), only slightly higher than the 
recession measured on the full pin set (12.5 cm).  Cumulative recession measured on 
the focus subset since monitoring began in June 2011 was 11.1 cm, also similar to the 
cumulative recession monitored on the full pin set (10.8 cm).  The maximum recession 
recorded during a focus subset measurement period was 5.45 cm following a major 
storm event in May 2015.   The minimum recession recorded was -2.1 cm (deposition) 
over an approximately two-month period during the 2014 – 2015 winter (Table 2.2).  
For the focus subset, winter periods were defined as measurements periods when 
temperatures were below freezing for the majority of the time.  Some focus pin 
measurements were delayed during winter months when snow filled the stream 
channel, and measurements resumed when pin plots were again accessible.   
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While focus subset measurements were consistent with the full pin set, the 
higher resolution provided by frequent monitoring of the subset captured more 
detailed bank activity.  Specifically, the focus subset allowed for recession estimates 
from individual flow events, seasonal bank activity, and subtle erosional and 
depositional trends that occurred over shorter time scales.  Negative recession rates 
were observed each winter during the study period (Fig. 2.3, Table 2.2) as stream banks 
were subjected to cycles of freezing and thawing and sediment was deposited along the 
toe of the bank.  Winter periods in 2012, 2013, and 2014 saw net deposition of 1.3 cm, 
0.8 cm, and 2.6 cm, respectively (Table 2.2), primarily on the lower rows of erosion 
pins.  During the first bank full flow events capable of inundating the bank toe in the 
following spring months, these freeze/thaw deposited sediments were removed.  The 
removal of freeze/thaw deposits was recorded as positive recession rates each spring, 
which approximately equaled the amount of net deposition that occurred over the 
previous winter periods.  In the spring months of 2013, 2014, and 2015, bank erosion 
measured 1.5, 1.0, and 2.4 cm, respectively (Table 2.2).  In sum, a total of 4.7 cm of 
deposition occurred on the focus subset during winter measurement periods.  In focus 
subset measurement periods following the first bank full events of the season, a total of 
4.9 cm of erosion occurred.  Negative recession rates (deposition) were also associated 
with periods of extended dry weather and low flow conditions (Table 2.2).  
Additionally, deposition was observed in periods following significant erosion events.  
The three largest erosion events in May 2013, May 2014, and June 2014 were all 
followed by negative recession rates during subsequent measurement periods (Table 
2.2). 
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Varied hydrologic conditions are represented in this period of study.  The first 
three biannual periods from March 2012 – October 2013 represent drought conditions 
and much lower average discharge rates compared to the latter half of the study.  
Relatively low recession rates were observed over the first two biannual periods from 
March 2012 – April 2013.  However, the third biannual period from April – October 
2013, though largely dominated by low flow conditions, had the second highest 
recession of 4.5 cm, accounting for 36% of the cumulative recession measured over the 
study (Table 2.1).  The majority of the bank erosion and discharge that occurred over 
this time period can be traced to the exceptionally large flow event in May 2013 (Table 
2.2, Fig. 2.3).  Stream discharge declined through the remainder of the April – October 
2013 period, and no discharge was observed by the end of July 2013.  Similarly, much of 
the recession and discharge in the following October – May 2014 period can be 
attributed to a single major storm flow event that occurred near the end of the 
measurement period in May 2014 (Table2. 2, Fig. 2.3).  With the exception of March and 
May 2014 flow events, the October 2013 – May 2014 period also saw relatively low flow 
conditions.  This period saw the highest recession of 5.3 cm, and accounted for 42% of 
the cumulative recession (Table 2.1).   
Stream discharge was continuous throughout the last two biannual periods from 
May 2014 – May 2015.  The May – November 2014 period saw the largest water volume 
export (15.3 million m3) (Table 2.1) as a result of higher precipitation that produced 
numerous flow events.  These events, however, were generally of smaller magnitude 
than those in the two previous biannual periods.  Despite the having highest water 
export, the recession measured over the May – November 2014 period was just 0.9 cm 
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(Table 2.1), 55% below the biannual average for this study.  The final biannual period 
from November 2014 – May 2015 also saw a relatively high water export (7.5 million 
m3), but no significant high flow events occurred during this time period.  Relatively 
little change was observed during the final time period, though the measured recession 
of -0.03 cm indicated a small amount of net deposition (Table 2.1).   
High cumulative discharge did not always coincide with high recession rates, and 
significant erosion resulted from individual flow events during periods of otherwise 
low flow conditions.  Thus, recession rates were not closely related to cumulative 
discharge.  Stream bank recession rates in Onion Creek were best predicted by peak 
flow events, as represented by maximum discharge (Fig. 2.4), with periods of high 
maximum discharge having high rates of recession.  The maximum discharge 
represents the highest instantaneous discharge recorded within a focus subset 
measurement period.  The relationship between recession and maximum discharge was 
greatly influenced by high erosion rates occurring in May 2013, May 2014, and June 
2014 (Table 2.2).   
 
Figure 2.4. Relation of recession rates to maximum discharge in Onion Creek. 
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Stream bank erosion compared to sediment export 
Over the biannual measurement periods, stream bank sediment loss ranged 
from -14 Mg (net deposition) during the November 2014 – May 2015 period, to 3,032 
Mg during the October 2013 – May 2014 period.  Full and focus pin set measurement 
periods were used to demonstrate patterns in the contribution of stream bank erosion 
to sediment export from the watershed.  To calculate the cumulative sediment loss from 
stream bank erosion and channel sediment storage, weathering deposition and removal 
cycles were excluded from the cumulative bank sediment loss estimated on the focus 
subset (Fig. 2.5).  This was due to differences in bulk density between the 
accumulations of weathering detached sediment (indicated by negative recession rates) 
and the bulk density that was sampled from cohesive stream banks.  Excluding 
weathering deposition and removal cycles, the cumulative sediment loss from stream 
bank erosion in Onion Creek during the study period was 7,361 Mg (Fig. 2.5).  
Sediment export ranged from 21 Mg to 2,502 Mg over the biannual 
measurement periods (Table 2.1).  A cumulative 5,689 Mg of sediment was exported 
from the Onion Creek watershed during the study period.  To compare, 7,361 Mg of 
sediment was eroded from Onion Creek stream banks while 5,689 Mg of sediment was 
exported from the watershed.  Sediment removed from stream banks exceeded 
sediment export from the watershed by 29%.  Expressed as ratio delivered, 77% of the 
sediment eroded from Onion Creek stream banks was delivered from the watershed.  
Thus, more sediment was estimated to have entered the stream channel from bank 
erosion than was exported from the watershed.  However, the bank erosion 
contribution to sediment export varied greatly over measurement periods (Table 2.1, 
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2.2).  Bank sediment loss in excess of sediment export indicated that sediment 
originating from stream bank erosion was stored within the stream channel or on the 
floodplain. 
The amount of bank-derived sediment storage within the stream channel (or on 
the floodplain) at a given time was estimated as the difference between bank sediment 
loss and sediment export.  As calculated, this estimate represents the amount of bank-
derived sediment and not necessarily the total amount of sediment stored within the 
channel.  Cumulative stream bank erosion and sediment export were plotted as a 
function of time (Fig. 2.5), along with the resulting channel storage (Fig. 2.6).  Stream 
channel sediment storage was dynamic over the study period (Fig. 2.6).  At the 
conclusion of the study period, 1,672 Mg of sediment that originated from bank erosion 
was stored within the channel or on the floodplain.  Channel storage increased 
following major flow events that caused a significant amount of bank erosion, but failed 
to transport a large amount of eroded bank sediment.  For example, channel storage 
peaked at 3,396 Mg following a May 2014 storm flow event (Fig. 2.6).  The May 2014 
event took place near the end of the October 2013 – May 2014 measurement period, 
and over this time period bank sediment loss exceeded sediment export by 2,223 Mg 
(Table 2.1).  Sediment export during the following biannual measurement period from 
May – November 2014 totaled 2,502 Mg, approximately equal to the amount of excess 
sediment from the previous measurement period (Table 2.1).  Sediment storage 
following the May 2014 flow event was gradually reduced during subsequent flow 
events throughout the year (Fig. 2.6).  Comparisons of bank sediment loss and 
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watershed sediment export indicated a lag between bank erosion and export of the 
eroded sediment, as well as sediment accretion over the study period (Fig. 2.5, 2.6,). 
 
 
Figure 2.5. Bank sediment loss excluding weathering deposition and removal cycles 
(blue line) and cumulative sediment export (red line) from the Onion Creek watershed. 
 
 
 
Figure 2.6. Onion Creek channel sediment storage as a function of time. The height of 
the line is equal to the difference between the two lines in Figure 2.5. 
 
 
Sediment export from Onion Creek was closely related to maximum discharge 
(Fig. 2.7).  Sediment concentrations also generally followed a pattern with discharge 
(Fig. 2.8).  The magnitude of sediment flux during a given measurement period or 
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stream flow event seemed to depend somewhat on the availability of previously eroded 
sediment.  Sediment export loads were high relative to the degree of bank erosion and 
discharge in measurement periods that followed prolonged periods of weathering that 
lacked any significant hydrologic events, and during measurement periods that 
coincided with high channel sediment storage (Table 2.1, 2.2).  Sediment concentrations 
also appeared to be greater relative to discharge rates following prolonged periods of 
weathering and during periods of high sediment storage (Fig. 2.8).   
 
 
Figure 2.7. Relation of sediment export and maximum discharge in Onion Creek. 
 
 
Stream bank recession and sediment export were estimated for the three most 
significant storm flow events that occurred over the study period (Table 2.3).  The flow 
events were ranked by the contribution to cumulative recession, maximum discharge, 
and maximum daily water volume export.  Sediment and water export for each event 
were estimated by summing the loads from the beginning of the storm flow event until 
stream discharge stabilized and sediment concentrations returned to approximately 
pre-event levels.  The duration of each flow event was determined from time stamps 
corresponding with stage level readings.   
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Figure 2.8. Patterns of suspended sediment concentrations (red line) and discharge 
(blue line) measured at the outlet of the Onion Creek watershed. 
 
 
Stream bank recession during the three most significant storm flow events 
ranged from 1.72 cm during the June 30, 2014 event to 5.45 cm during the May 20, 
2014 event, and a total recession of 9.86 cm occurred over these events (Table 2.3).  
Bank erosion increased with the maximum discharge rates, which ranged from 16 m3/s 
to 24 m3/s (Table 2.3).  Total bank erosion sediment ranged from 986 Mg to 3,318 Mg 
and totaled 5,636 Mg during the three events.  Total sediment load totaled 2,812 Mg 
over the three events (Table 2.3).  The stream bank erosion contribution to watershed 
sediment export during these events ranged from 93 to 514%, and averaged 200% 
(Table 2.3). 
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Table 2.3: Summary of precipitation, recession, discharge, and suspended sediment 
loads for three major storm flow events in the Onion Creek watershed. 
Date 5/26/13 5/20/14 6/30/14 Total 
Precipitation (mm) 85.5 42.5 43  
Recession (cm/time) 2.68 5.45 1.72 9.86 
% total recession 21 44 14 79 
Duration of flow event (hrs) 145 78 54 277 
Max discharge (m3/s) 21.2 24.1 16.0  
Water volume (m3) 2264584 911276 1018760 4194619 
Sediment export (Mg) 1643 607 563 2812 
% total sediment export 29 11 10 49 
Bank erosion sediment (Mg) 1532 3118 986 5636 
% bank erosion 93 514 175 200 
 
The May 2013 event was the only storm event where bank erosion did not 
exceed sediment export (Table 2.3).  The May 2013 event occurred over multiple days 
and had the longest duration (145 hrs), along with the highest water volume export of 
2.3 million m3 (Table 2.3), more than twice the water volume exported during the two 
other major storm flow events.  This flow event was also the single greatest contributor 
to cumulative sediment export, though not to cumulative recession.  Relative to the 
amount of bank recession, the May 2013 event exported a high amount of sediment.  By 
comparison, recession measured during this event (2.7 cm) was roughly half that of the 
May 2014 event (5.5 cm), while the May 2013 exported nearly three times the sediment 
(1643 Mg to 607 Mg, respectively) (Table 2.3).  The high sediment export during the 
May 2013 event may be attributable to the extended time period of low flow conditions 
prior to the event.  Due to a lack of significant flow events, sediment that was previously 
detached due to weathering was not removed and instead allowed to accumulate within 
the stream channel, which may have created a supply of sediment that could be easily 
mobilized and incorporated into the sediment load during this event. 
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For both the May and June 2014 flow events, stream bank sediment loss 
exceeded sediment export and, thus, more sediment was estimated to have entered the 
stream channel during these two events than was exported from the watershed.  The 
May 2014 and June 2014 events contributed an additional 2,511 and 423 Mg, 
respectively to channel sediment storage, as estimated by bank sediment losses in 
excess of sediment export.  The May 2014 storm flow was the single greatest 
contributor to cumulative recession, though not to cumulative sediment export.  This 
event was also marked by the highest maximum discharge, but the lowest total water 
export over a relatively short duration.  Stream channel sediment storage peaked 
following this event (Fig. 2.6).  In subsequent flow events, measured sediment 
concentrations were high relative to discharge (Fig. 2.8), likely the result of a supply of 
easily mobilized sediment within the channel.  Flow events following the May 2014 
erosion event saw high sediment export relative to the degree of bank erosion.  For 
example, the sediment exported in the June 2014 storm event that followed (563 Mg) 
was similar to the May 2014 event (607 Mg), as was the water export (Table 2.3).  Yet, 
the recession during the May event (5.5 cm) measured roughly three times more than 
the June event (1.7 cm) (Table 2.3).  Further, sediment export exceeded bank erosion 
for all focus subset measurement periods in 2014 following the May event (Table 2.2).  
This gradually reduced channel sediment storage throughout the year (Fig. 2.7), and 
was likely the result of stored sediment being incorporated into subsequent export 
loads. 
Monitoring of storm flows emphasized the importance of individual flow events 
in bank erosion and sediment transport.  Recession rates and sediment export were 
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both related to peak flow events (Fig. 2.4, 2.7).  Additionally, the majority of the 
cumulative stream bank recession and much of the sediment export during the study 
period occurred in storm flow events, and over a relatively short time duration.  Over 
the three-year monitoring period, 79% of the cumulative stream bank recession (9.9 
cm) and 49% of the total sediment export (2812 Mg) occurred in about 12 days (277 
hours) during three major storm flow events (Table 2.3). 
 
Discussion 
Stream bank recession data 
Erosion pins have been used world-wide to quantify stream bank recession 
(Hooke 1980; Couper 2004).  However, the frequency of measurements that was 
conducted over the duration of this study is rare.  A significant contribution of this 
study was the use of a small subset of erosion pins randomly selected from a more 
extensive installation to estimate bank erosion over shorter timescales.  Smaller pin 
subsets, requiring less time and effort to measure, can be monitored more frequently 
and capture important bank activity, provided there is a consistency between estimates 
from the more extensive set of pins that are monitored less frequently. 
The frequency of focus subset measurements provided information on erosion 
activity that contributed to cumulative recession (and sediment export) but that 
occurred between the less frequent biannual measurements.  Frequent monitoring 
allowed for estimates of bank sediment losses for individual flow events.  Bank erosion 
in Onion Creek was driven by peak flow events, as three major flow events were 
responsible for the majority (79%) of the measured recession.  Other similar studies 
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(Bull 1997; Thorne et al. 1998) also found that a small number of major flow events 
were the largest contributor to bank recession. 
Varied hydrologic conditions over the three-year study period presented a 
unique opportunity to assess stream bank recession rates over these conditions.  The 
first half of the study was dominated by low flow conditions, and no stream discharge 
was observed through the latter portions of 2012 and 2013.  Across variable hydrologic 
conditions, bank recession was best predicted by maximum discharge rates, as 
observed in similar studies (Hooke 1979; Palmer et al. 2014).  Relatively high recession 
rates were observed due to singular high flow events during time periods of otherwise 
low average flow conditions.  Conversely, relatively low recession rates were observed 
during periods with relatively high average discharge but that lacked any significant 
flow events.  Thus, bank recession rates were not related to average discharge rates but 
were instead closely related to maximum discharge, again emphasizing the importance 
of peak flow events.   
The close relationship between bank recession and maximum discharge is 
somewhat typical of incised stream channels (Thorne 1982; Rinaldi and Darby 2007) 
such as Onion Creek where, during high flow events, stream flow is confined within the 
channel and produces scour along the bank equal to the stream stage height.  As flow 
events that only partially filled the stream channel occurred most frequently, greater 
erosion was observed at the base of the bank, which led to undercutting (Stott 1997; 
Laubel et al. 1999; Laubel et al. 2003), particularly where the bank toe was unprotected 
by larger aggregates, and resulted in eventual bank collapse (Stott 1997), sometimes 
well after a flow event.  Bank instability and erosion also resulted from seepage and 
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return flow following storm events.  Seepage and return flow erosion was observed to 
be preferential above the interface of the Holocene alluvium and the Dows Formation, a 
much less permeable unit.  A Missouri study also showed significant seepage erosion 
above a horizon or concretion layer as water moved horizontally and reached the 
stream above and below the conductive layer (Fox et al. 2007).  Saturated banks 
following precipitation and flow events are also subject to slumping and collapse after 
stream levels recede and are no longer supported by channel flow (Simon et al. 2000; 
Simon and Collison 2001).  These bank failures associated with high soil moisture and 
instability often occurred after stream levels receded.  The available flow then lacked 
the capacity to transport the newly collapsed sediment, resulting in deposition during 
measurement periods following significant flow events. 
Deposition was also associated with extended periods of bank weathering 
without a hydrologic event in Onion Creek (Thorne 1982; Lawler et al. 1997).  Subaerial 
processes such as freeze/thaw cycling and soil desiccation have been shown to 
significantly increase soil erodibility (Thorne 1998).  In the case of freeze/thaw cycling, 
the growth and melt of ice crystals has been shown to effectively weaken bank surfaces 
(Lawler 1999).  As documented in other studies (Lawler et al. 1999; Zaimes et al. 2006), 
negative recession rates recorded during each winter period were observed to be the 
result of soil that fell from the upper bank surface and deposited on lower erosion pins, 
though they could also be partially due to crack growth in bank material resulting 
directly from ice lens formation.  The highest rates of freeze/thaw deposition over the 
2014 – 2015 winter were attributed to high precipitation and an early onset of cold 
temperatures in fall 2014, as the effects of soil frost and erodibility have been shown to 
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be greater under wetter conditions (Gatto and Ferrick 2003).  This fallen soil has been 
shown to be easily moved by relatively small discharge events (Zaimes et al. 2006), due 
to the weakening that occurs from freeze/thaw action that loosened it from the stream 
banks (Thorne 1998).  The bank toe accumulation recorded over each winter period 
approximately equaled the amount of erosion recorded each spring following the first 
bank full event capable of inundating the bank toe, indicating the fallen soil was easily 
mobilized.  Deposition was also associated with extended periods of dry weather 
without a hydrologic event, particularly during the drought conditions of 2012 and 
2013.  Over this time period, cracking of the outer bank surface was observed due to 
intense drying, leading to soil loosening and deposition on lower rows of erosion pins. 
The reported average recession rates were notably lower than other 
observations throughout the region.  The overall annual average recession rate of 4.2 
cm/yr ranks below the severely eroding category reported in the visual assessment 
criteria developed by the Natural Resources Conservation (USDA-NRCS 1998).  USDA-
NRCS methods estimated 12.2 cm/yr of recession on severely eroding stream banks 
(USDA-NRCS 1998), approximately three times the average annual rate observed in this 
study.  Similar studies in other Iowa watersheds observed significantly higher recession 
rates.  Palmer et al. (2014) observed an annual recession rate of 18.8 cm over a seven-
year study in Walnut Creek in south central Iowa.  A three-year study in various regions 
throughout Iowa observed a range of recession between 4.6 and 23.9 cm/yr on streams 
with grazed pasture, row crop, grassland, and forest buffers as adjacent riparian land 
uses (Zaimes et al. 2008).   
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Several factors may have contributed to relatively low average recession rates 
observed in this study.  Stark geologic differences exist between the Onion Creek 
watershed and other Iowa watersheds where bank recession has been measured.  The 
Onion Creek watershed lies within the Des Moines Lobe Level IV Ecoregion (47b), and 
is characterized by nearly flat to gently rolling glacial till plains (USEPA 2015).  Bank 
erosion in central Iowa has been shown to be more a function of sediment type than 
current land use, caused in part by variations in particle size (Schilling et al. 2009).  
Onion Creek stream banks consist of alluvial Holocene deposits above exposures of the 
Dows Formation of the Des Moines Lobe.  The Dows Formation consists of dense, 
subglacial till with high clay content and strong cohesive properties (IDNR 1996).  Soil 
erodibility has been shown to generally decrease with increasing clay content and bulk 
density (Knapen et al. 2007), and channel migration, and therefore stream bank 
erosion, occurs more slowly on banks with more cohesive properties (Simon and 
Rinaldi 2006).  On the other end of the spectrum, larger particles such as gravel and 
cobbles are embedded within the till matrix of the Dows Formation.  These larger 
particles, previously eroded from the basal strata, now armor the bank toe (and stream 
bed) along many Onion Creek stream lengths.  More coarse bank materials such as 
gravel and cobbles may allow for more stream stability and channel recovery to occur 
(Simon and Rinaldi 2006) and, located along the edge of a channel, coarse sediment 
may help to protect against toe undercutting (Allen et al. 2002).  Additionally, drought 
and low flow conditions through an extended period of the study also likely lowered 
observed rates.  These periods of stable hydrology allowed vegetation to re-establish on 
many eroding lengths, which may have stabilized stream banks. 
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Even when similar methods are utilized, average recession rates can vary 
significantly among watersheds despite close proximity.  For example, a recent study in 
the similar-sized Walnut Creek basin within the adjacent Rolling Loess Prairies Level IV 
Ecoregion (47f) in Iowa reported an average annual recession rate of 18.8 cm (Palmer 
et al. 2014), significantly higher than the rate observed in the Onion Creek watershed.  
The Walnut Creek watershed has more rolling topography and primarily loess-derived 
soils (Palmer et al. 2014).  The reason for the difference in observed recession rates 
over this relatively short distance can likely be attributed to abrupt topographic and 
geologic changes, along with associated soil properties.  Results from this study show 
that considerable judgment should be used in comparing measured recession rates on 
an inter-basin scale, as variations in topography and geology can occur over short 
distances, and average recession rates will reflect these changes.  Our average recession 
rate data can most reasonably be extrapolated to similarly sized basins within the Des 
Moines Lobe Ecoregion (47f) with comparable landform and land use conditions. 
 
Erosion pin measurements 
  Erosion pins were chosen as a method of measuring recession on Onion Creek 
stream banks because they have been used successfully in several recent studies 
(Laubel et al. 2003; Zaimes et al. 2006, 2008), offer high temporal resolution (Zaimes et 
al. 2006), and are accurate to within 5 mm with operator variance (Simon et al. 1999).  
However, limitations of the erosion pin method likely affected the accuracy of pin data.  
One such limitation is that erosion pins measure change at one location on the stream 
bank, and therefore erosion pins may overemphasize or neglect certain bank activities 
(Bartley et al 2006; Kronvang et al. 2012).  As pins are rarely installed into the bed, toe, 
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or top of the bank, they may neglect erosion or deposition at these locations (Bartley et 
al. 2006).  Additionally, frost action and other disturbances may have altered pin 
positions (Couper et al. 2002), though this was not found to be a major source of error 
in several studies (Hooke 1979; Couper et al. 2002; Stott et al. 2011). 
Much of 2012 and 2013, along with winter periods, saw relatively stable 
hydrologic conditions.  Bank activity under these conditions was mostly limited to soil 
falling from the upper bank and deposition on lower rows of pin plots.  Due to the 
subtlety of these processes, disturbances resulting from frequent monitoring may have 
unnaturally increased erosion or deposition rates, particularly on the toe of the bank 
(Lawler et al. 1999).  This source of error was likely minor, however, since these time 
periods contributed little to cumulative recession and sediment accumulations near the 
toe of the bank were easily removed by the first flow event capable of submerging the 
bank toe.  Burial of erosion pins may have also increased measurement error by 
underestimating deposition, as buried pins were given an exposed length of zero and no 
change was entered beyond the initial covering (Willet et al. 2012). 
Conversely, recession rates were underestimated when erosion pins were 
completely removed from the bank, indicating that the recession was greater than 65 
cm.  Pins were sometimes found lying on the stream bed following major erosion 
events, and in particular following the May 2014 event.  Therefore, the recession that 
occurred from this and other events was likely underestimated.  Additionally, large 
mass failures that far exceeded the measurement capacity of erosion pins occurred at 
several pin plots throughout the study, which also likely resulted in underestimated 
recession rates.  Underestimated rates of recession will lead to an underestimate of the 
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bank sediment contribution.  As noted in other studies (Bull 1997), a great deal of 
variability was also observed when no erosion and large mass failures occurred 
simultaneously within pin plots and between nearby plots. 
 
Sediment export and budget 
 A major objective of this study was to compare stream bank erosion to sediment 
export from the Onion Creek watershed to determine the proportion of the sediment 
export load that originated from stream bank erosion.  Over the three-year study 
period, sediment loss from stream bank erosion exceeded sediment export from the 
watershed by 29%.  Thus, more sediment was estimated to have entered the stream 
channel than was exported from the watershed, which indicated storage of bank-
derived sediment within or adjacent to the stream channel.  As a delivery ratio, 77% of 
the sediment that eroded from stream banks was delivered from the watershed.  It is 
important to note, however, that these estimates do not account for sediment 
contributions from other sources within the watershed, such as overland (sheet and 
rill) erosion, gully erosion, and remobilization of stream bed sediment.  Additionally, 
the NRCS (1998) estimates a delivery rate to the channel outlet of 80-100% from 
stream bank erosion, though sediment eroded from banks may be stored in the 
floodplain, bed, and point bars of the channel (Walling 2005; Trimble 1983, 1999; 
Kronvang et al. 2012).  Therefore, it is likely that less than 77% of the sediment that 
eroded from stream banks over the study period was exported from the system.   
Floodplain storage may be particularly important in the Onion Creek watershed.  
Anecdotally, some high flow events spilled onto the floodplain and significant 
deposition was observed.  For example, the stream level rose above the bank height 
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during the May 2014 event, causing a significant amount of floodplain deposition.  High 
flow events also transported the majority of the sediment, as indicated by the 
relationship between sediment export and maximum discharge.  The potential for 
floodplain storage, therefore, may be high.  Loss of sediment to floodplain storage could 
account for some of the bank-derived sediment that was missing in sediment export 
from the watershed.  Due to these sources of error, the bank contribution to sediment 
export may have been overestimated while channel storage of bank-derived sediment 
may have been underestimated, as these estimates cannot account for all the processes 
contributing to sediment export within the watershed. 
Stream bank erosion has been shown to be a significant contributor to the 
sediment loads of several regional watersheds.  Palmer (2008) found that stream banks 
contributed enough sediment to account for 14 – 64% of total sediment load in Walnut 
Creek in south central Iowa.  In the Blue Earth River in southern Minnesota, stream 
bank erosion may contribute between 79 – 96% of the total sediment export (Sekely et 
al. 2002), while bank erosion comprised 54 to 80% of the sediment export in two 
northeast Missouri watersheds (Willet et al. 2012).  To our knowledge, this was the first 
study specifically within the Des Moines Lobe Ecoregion (47b) that compared bank 
sediment loss to watershed sediment export, with the exception of a study in Tipton 
Creek in central Iowa that traced sediment sources in a single flow event (Tomer et al. 
2010).  The results of this study were distinguished from other regional studies in that, 
to our knowledge, this was the first estimate where the sediment contribution from 
stream bank erosion exceeded the amount of sediment exported from the watershed. 
  
50 
The position of the Onion Creek watershed within the Des Moines Lobe may 
explain the high channel sediment contribution observed in this study.  This region is a 
relatively young landscape, where streams and drainage networks are actively 
developing and likely contributing a significant amount of sediment.  The region is also 
characterized by relatively low relief.  Many gullies in the catchment lack integration 
with the stream network, particularly in the upper portions of the watershed.  As 
sediment delivery from gullies relies largely on connectivity (NRCS 1998), the quantity 
of sediment delivered to the stream channel from gully erosion may be reduced.  
Similarly, sediment delivery to Onion Creek from surface runoff (sheet and rill erosion) 
may be reduced due to the lack of gully integration and generally low relief in the 
watershed.  Given that the sediment contribution from upland sources may be reduced, 
it is reasonable that channel sediment sources would account for a greater proportion 
of the total sediment load compared to similar studies in other landform regions. 
Estimates of bank sediment loss in excess of sediment export from Onion Creek 
indicated channel and/or floodplain storage.  The indication of channel and floodplain 
storage was in agreement with results of the stream survey that identified the majority 
of Onion Creek to be an aggrading and widening channel, as channel storage is 
suggestive of an aggrading stream channel.  Additionally, a previous assessment in 
Onion Creek noted 764 sediment bars within the stream channel (Leete 2013).  Channel 
erosion may likely be the dominant source of sediment to Onion Creek, which is also 
consistent with a widening stream channel (Schumm et al. 1984).  As noted, channel 
and floodplain storage was estimated as the difference between bank erosion sediment 
and sediment export, and therefore only accounted for the amount of bank-derived 
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sediment that may have become part of the total storage.  As such, this estimate does 
not necessarily represent the total channel sediment storage within the system, since 
storage estimates were not available at initialization of the study.  Future work in the 
watershed will include measurements of total channel sediment storage to complete a 
channel sediment import – storage – export budget.  
With our intensive monitoring over the three-year study period, we were able to 
assess trends in bank erosion and sediment export across a variety of conditions.  
Among variable hydrologic conditions, bank erosion and sediment export loads were 
both closely related to maximum discharge rates (Fig. 2.4, 2.7).  Other studies have also 
reported that large flow events determined erosion rates and supplied much of the 
sediment export from stream systems (Bull 1997; Julian et al. 2012).  Over the three-
year study period, three large flow events contributed to 79% of the cumulative bank 
erosion and 49% of the cumulative watershed sediment export.   
While sediment export was most closely related to maximum discharge, the 
magnitude of sediment concentrations and export during a given flow event seemed to 
be somewhat dependent on the conditions prior to the event, specifically the 
availability of sediment within the stream channel.  Certain conditions likely created a 
supply of easily mobilized sediment within the stream channel that could be 
incorporated into subsequent sediment loads.  These included a prolonged period of 
time lacking hydrologic events with sufficient capacity to remove previously detached 
bank sediment, and high channel storage of previously eroded sediment.  Kronvang et 
al. (1997) also observed higher sediment concentrations during periods of high 
sediment availability, and lower concentrations when the supply was exhausted. 
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Drought conditions in 2012 and 2013 resulted in prolonged time periods 
without a hydrologic event.  As indicated by negative recession rates over this time 
period, sediment that was detached from stream banks due to weathering from drying 
and freeze/thaw cycles was allowed to accumulate within the stream channel.  The 
major flow event in May 2013 was preceded by low flow conditions throughout 2012 
and a freeze/thaw cycle over the 2012 – 2013.  Spring flows in 2013 were then 
relatively minor, and likely did not transport much of the sediment that had been 
previously detached.  The next significant flow event in May 2013 saw high sediment 
export compared to the bank erosion that occurred during this event.  The magnitude of 
sediment export during the event was attributed to a supply of easily mobilized 
sediment within the stream channel that was made available during the preceding 
period of weathering without a significant flow event.  Though they were not a major 
contributor to the cumulative sediment load, a few smaller flow events that occurred 
during drought conditions in 2012 saw high sediment concentrations relative to 
discharge rates (Fig. 2.8).  The high sediment concentrations to relatively low discharge 
signified the highly erosive potential of the previously detached material (Zaimes et al. 
2006). 
High sediment transport was also associated with periods of high channel 
sediment storage.  Many studies reasonably assume that all sediment from bank 
erosion will reach the stream (Willet et al. 2012).  However, this does not imply that all 
sediment will be immediately exported from the watershed.  As observed in Onion 
Creek, a similar study noted that sediment eroded from stream banks during a flow 
event frequently exceeded 100% of the sediment export, implying that the stream may 
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not follow the classic model where sediment is supplied to a channel and then delivered 
from the watershed during the same event (Bull 1997).  Instead, a subsequent flow 
event may deliver the previously eroded sediment, with little or no additional bank 
erosion, resulting in calculations that imply bank erosion contributed little or no 
sediment to that event (Bull 1997).  Trimble (1983) also found that bank-derived 
sediment may be stored within the stream channel following a flow event, resulting in a 
low sediment yield and high channel storage.  Given these transport dynamics, the 
degree of bank erosion did not correlate well with sediment export (Trimble 1983).  
Similarly, erosion events were not inevitably synchronous with the export of bank 
sediment from Onion Creek due to an apparent lag between input and export of bank 
eroded sediment.  Flashy stream discharge may be, in part, responsible for high 
sediment storage and the lag in sediment delivery.  Stream levels usually recede quickly 
after high flow event and, though they have sufficient power to remove sediment from 
banks, these events may lack the duration to transport all of the eroded sediment 
during the same event.  As noted by Palmer et al. (2014), the re-suspension of channel 
sediment may also present a major confounding factor in estimating the contribution of 
bank erosion to sediment export. 
Channel sediment storage peaked following the May 2014 event due to 
significant bank sediment loss (3,118 Mg) and relatively low sediment export (607 Mg) 
over the short duration event (Table 2.2).  A significant amount of newly-eroded 
sediment was also observed remaining on the stream bed below many eroding bank 
lengths and along the bank toe.  Similar to results obtained by Bull (1997), the flow 
events that occurred following the May 2014 erosion saw high sediment loads relative 
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to the degree of bank erosion and discharge, as the previously eroded sediment was re-
mobilized.  Further, sediment export exceeded bank erosion sediment for all 
measurement periods in 2014 following the May event (Table 2.2), suggesting that 
previously eroded sediment was incorporated in the sediment load of subsequent flow 
events.  As a result, sediment storage was gradually reduced by the fall of 2014 (Fig. 2.6, 
2.7).  During this period of lower sediment storage, flow events generally saw lower 
sediment concentrations and export loads (Table 2.2, Fig. 2.3) indicating that the 
channel sediment supply had been exhausted.  In sum, flow events that occurred when 
a supply of easily mobilized sediment was made previously available by either fluvial 
erosion or weathering, saw relatively high sediment concentrations and loads relative 
to the degree of discharge and bank erosion, while periods of low sediment storage saw 
lower sediment flux, likely as a result of an exhaustion of the easily mobilized sediment 
supply. 
This study suggests that channel sources are likely the primary source of 
sediment to the Onion Creek watershed, with a rate of bank sediment loss bank that 
exceeded the export capacity of the stream system.  Still, the stream bank contribution 
to watershed sediment export varied greatly over time periods.  This was likely due, in 
part, to an apparent lag between when sediment detached from stream banks and when 
it was exported.  Sediment will be detached from stream banks by fluvial erosion or 
weathering processes, but may be stored within the stream channel until it can be 
incorporated in the sediment load of subsequent flow events.  The remobilization of 
previously eroded, stored bank sediment may be a significant source of downstream 
sediment flux.  As detached sediment can be transported with relative ease (Zaimes et 
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al. 2006), even small magnitude flow events may produce high sediment loads.  
Additionally, the variability in the stream bank contribution may be inherent to 
watersheds with significant hydrologic alteration as the channel adjusts to reach 
equilibrium between sediment supply and discharge following disturbances (Simon 
1989).  The recovery process of these systems will naturally include a period of 
widening and aggradation, during which a large portion of the downstream sediment 
flux will be contributed from stream bed and bank erosion (Simon 1989). 
 
Conclusion 
 This study quantified stream bank recession rates within a small agricultural 
watershed in central Iowa.  Incorporated into this study was over three years of 
watershed sediment export data and bank recession rates obtained from frequent 
stream bank monitoring.  The frequency of stream bank monitoring over this duration 
is rare and provided high-resolution bank activity.  These results contribute to a 
growing body of evidence that stream channels are likely the primary source of 
sediment to surface waters in watersheds with significant hydrologic alteration. 
The stream bank contribution to sediment export varied greatly over 
measurement periods, due in part to an apparent lag between bank erosion events and 
transport of the eroded sediment from the stream system.  Over the study period, 
sediment losses attributable to stream bank erosion exceeded sediment export by 29%, 
indicating that some bank-derived sediment became part of the total channel sediment 
storage.  High channel storage resulted from erosion events that failed to transport a 
large portion of the eroded material.  Additionally, extended periods of weathering 
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lacking in significant flow events may have allowed the sediment that had been 
previously detached from stream banks to accumulate within the channel.  Both of 
these conditions may have created a supply of previously detached sediment within the 
stream channel that could be easily mobilized and incorporated into the sediment load 
of subsequent flow events with sufficient capacity to transport the eroded sediment.  
Peak flow events were highly influential in the release and transport of sediment from 
stream bank erosion.  Over the study period, 79% of the cumulative bank recession and 
49% of the total stream sediment load occurred in about 12 days during three major 
storm flow events.  
 This study emphasized the importance of stream bank erosion as a source of 
downstream sediment flux.  Simultaneously, it highlighted the challenges associated 
with deriving estimates of bank erosion contributions to watershed sediment export, 
due to the confounding effects of channel storage, remobilization of previously eroded 
material, and variability in stream discharge.  As stream systems recover from 
disturbance, a large portion of the sediment supply will naturally be contributed by 
stream bed and bank erosion.  With the exception of bank stabilization, which is only a 
temporary solution for channels still developing equilibrium, there may be relatively 
few options available to remediate this long-term process.  Given the relationships 
between bank erosion, sediment export and peak flow events observed in this study, a 
reduction in the maximum discharge rates and the quantity of water within stream 
channels may be most effective in reducing sediment loads from stream bank erosion.  
This may help maintain sediment loads below a threshold where they present a risk to 
aquatic systems until the stream channel evolves to a stage where sediment loading 
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from stream bank erosion is naturally reduced.  Potential may exist to remediate 
accelerated bank erosion and the resulting high sediment export through stabilization 
of critical areas, accompanied with a reduction in peak flow rates and in the quantity of 
water that stream channels are increasingly required to accommodate. 
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CHAPTER III 
 
STREAM BANK EROSION AND SEDIMENT TRANSPORT AS SOURCES  
OF STREAM WATER PHOSPHORUS 
 
Abstract 
Management strategies to reduce upland sheet and rill erosion have historically 
been the focus regarding phosphorus (P) transport from agricultural lands.  However, 
stream bank erosion is increasingly being considered an important source of watershed 
P flux.  An increased understanding of watershed sources and processes controlling P 
mobilization will aid in planning targeted conservation practices and provide metrics 
for water quality improvement goals.  This three-year study evaluated stream bank 
erosion and sediment transport as sources of stream water P in the 5,700 ha Onion 
Creek watershed in central Iowa.  Stream bank sediment and P losses originating from 
stream bank erosion were measured using erosion pins installed into a randomly 
selected subset of severely eroding stream banks and compared with watershed export 
of sediment and phosphorus.  High sediment c 
oncentrations were generally accompanied by high total phosphorus (TP) 
concentrations.  Particulate phosphorus (PP) concentrations increased linearly with 
sediment concentrations and PP export was strongly correlated with sediment export 
from the watershed.  Dissolved orthophosphate (OP) accounted for 42% of the TP 
export over the study period.  The ratio of OP:TP in water samples generally decreased 
with increasing sediment and accompanying PP concentration, and followed an 
exponential decay relationship with sediment concentration above a threshold of 200 
μg-P L-1.  OP:TP ratios typically fell during high stream discharge due to sediment 
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suspension, and increased during falling hydrographs, which may indicate desorption 
of P from suspended sediment and/or OP inputs from artificial subsurface discharge.  
Sediment and phosphorus losses attributable to stream bank erosion during the study 
period were estimated to account for 126% of the sediment, 35% of the PP, and 20% of 
the TP export from the watershed.  Thus, 65% of the PP export could not be explained 
by stream bank erosion, which suggested that other factors also important to P flux.  
Resuspension of P stored within stream bed sediment may offer a reasonable 
explanation for P export that could not be explained by stream bank erosion, 
particularly given an observed relationship between PP export and maximum 
discharge.  These results indicate that stream bank erosion may be a potentially large 
source of P.  They additionally add to our understanding of the processes controlling P 
transport, and provide a valuable dataset for researchers working to model P loading 
from agricultural watersheds. 
 
Introduction 
The greatest risk to water quality in the United States is nonpoint source (NPS) 
pollutants (USEPA 1997).  The major NPS pollutants are sediment and nutrients, 
specifically, nitrogen and phosphorus, which are largely contributed from agricultural 
landscapes (USEPA 1997).  Sediment is considered to be the single leading water 
quality issue across the nation (Simon et al. 1999) and within the Midwestern United 
States (Iowa Department of Natural Resources 1997).  Enhanced sediment loads have 
many negative effects on water quality.  In streams, excessive fine sediment degrades 
fish habitat by reducing area for cover, spawning, and food production (Lyons et al. 
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2000).  Excessive sediment loading additionally degrades aquatic integrity 
(Zimmerman 2003), which includes decreasing gross primary productivity due to 
increased turbidity and bed disturbance (O’Conner et al. 2012).  High sediment loads 
can also have costly economic impacts by increasing operational costs for 
municipalities using surface water (Barnes 1968).  Sedimentation additionally reduces 
stream channel volume and reservoir capacity, elevating flood risks (Barnes 1968) and 
creating the need for expensive dredging projects (Petersen et al. 1992; Wesche and 
Isaak 1999). 
Water-borne sediment is also a carrier of nutrients, particularly phosphorus, as 
well as toxic pollutants such as pesticides and heavy metals (Association of State and 
Interstate Water Pollution Control Administration 1984).  In the United States, a 
common impairment of surface waters is eutrophication caused by high nutrient inputs 
(USEPA 1996).  Phosphorus is often the limiting nutrient causing eutrophication in 
many surface waters (Daniel et al. 1998).  Eutrophication leads to the excessive growth 
of undesirable plants and algae.  Death and decomposition of the plants and algae can 
cause oxygen shortages that have many negative consequences for aquatic systems. 
The extent and magnitude of the threat posed by increased sediment and 
phosphorus loading necessitates a better understanding of the processes controlling 
the release and transport of sediment and phosphorus from agricultural landscapes.  
Sediment and phosphorus may be transported by surface runoff, stream bank and gully 
erosion, and stream bed sediment resuspension (Casali et al. 2000; Daniel et al. 1994; 
Evans et al. 1997; House et al. 1998; Kronvang et al. 2002; Sharpley et al. 1993).  
Historically, much of the attention in phosphorus transport from agricultural lands has 
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focused on management strategies to reduce upland sheet and rill erosion (King et al. 
2015).  While substantial progress has been made to reduce sediment and phosphorus 
loading from upland erosion, a growing body of research suggests that much of the 
sediment and phosphorus delivered to surface waters from agricultural landscapes 
originates from stream bed and bank erosion (Kronvang et al. 1997; Simon and Rinaldi 
2006; Mulla et al. 2008; Simon and Klimetz 2008; Wilson et al. 2008; Belmont et al. 
2011). 
The increasing proportion of sediment and phosphorus supplied from stream 
bed and bank erosion seems to be the result of bank instability caused by hydrologic 
alteration, change and removal of riparian vegetation, and sediment accretion from 
erosion of historic agricultural uplands.  These activities have enhanced channel 
erosion processes and converted naturally meandering streams to deeply incised and 
widened channels (Lawler et al. 1999; Schilling and Wolter 2000; Laubel et al. 2003; 
Zaimes et al. 2008; Collins et al. 2010; Raven et al. 2010; Yan et al. 2010; Schilling et al. 
2011).  Further, decades of intensive agricultural practices in riparian areas has 
increased the phosphorus content of many stream margin soils (Collins and Walling 
2007; Hoffmann et al. 2009; Stutter et al. 2009). 
Stream bank erosion has been estimated to contribute between 30-60% of the 
total stream sediment load for most incised channels (Amiri-Tokaldany et al. 2003; 
Anderson 1954; Lawler et al. 1999; Odgaard 1987; Schilling and Wolter 2000; Sekely et 
al. 2002; Wilkin and Hebel 1982), and has also been shown to be a major contributor of 
particulate and total phosphorus to surface waters (Sharpley et al. 1979).  Kronvang et 
al. (1997) found that stream banks supplied up to 90% of the total phosphorus in a 
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study of multiple streams in Denmark.  Stream bank erosion has been estimated to be 
less of a contributor to stream phosphorus loads in the Midwest, although a wide range 
has been reported.  For example, an Illinois study estimated 56% of the total stream 
phosphorus load originated from bank erosion (Roseboom 1987), while a Minnesota 
study estimated just 7-10% (Sekely et al. 2002).   
A recent review of several studies has also emphasized the importance of 
subsurface flow in phosphorus delivery to Midwestern streams (King et al. 2015).  As 
phosphorus is transported through a stream system it may change forms between 
particulate-bound and dissolved, and back again, due to adsorption and desorption 
reactions (Edwards et al. 2000).  These instream processes further complicate efforts to 
derive estimates of phosphorus delivery from various pathways. 
This study is a companion study to Chapter 2 of this thesis, that had the 
objectives of 1) measuring event-based and annual watershed sediment flux 2) 
estimating event-based and annual sediment loss from stream bank erosion at 
representative sites; and 3) estimating the contribution of stream bank erosion to 
watershed sediment loads.  This study builds on Chapter 2, with specific objectives to 1) 
measure watershed sediment and phosphorus flux, including dissolved orthophosphate 
and total phosphorus; 2) estimate phosphorus losses from stream bank erosion at 
representative sites; 3) estimate the stream bank phosphorus contribution to 
watershed phosphorus loads; and 4) determine the ratio of total phosphorus to 
dissolved phosphorus in water samples to examine any relationships with sediment 
concentration and discharge.  Results from this study will further develop our 
understanding of an emerging water quality issue by examining relationships between 
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the release and transport of sediment and phosphorus.  This information may aid in 
planning conservation practices for effective mitigation.  These results additionally 
provide a valuable data set for researchers working to model sediment and phosphorus 
flux to provide a baseline for water quality improvements goals. 
 
Materials and Methods 
Sediment export from the Onion Creek watershed and sediment losses from 
stream bank erosion were estimated using methods described in Chapter 2.  For this 
study, watershed sediment export and bank sediment loss were supplemented with 
estimates of watershed phosphorus export and phosphorus losses attributable to 
stream bank erosion.   
 
Determination of sediment and phosphorus loads 
 Water samples were analyzed for dissolved orthophosphate and total 
phosphorus concentrations in addition to suspended sediment, as described in Chapter 
2.  Soon after collection, the filtered water samples from suspended sediment analysis 
were analyzed for dissolved orthophosphate using the ascorbic acid photometric 
method (Murphy and Riley 1962) with modifications from the American Public Health 
Association (1998).  The filtered deionized water samples from suspended sediment 
analysis were used as a control in dissolved orthophosphate analysis to correct for any 
phosphate introduced during filtration (Leete 2013).  Total phosphorus concentrations 
were analyzed via persulfate digestion (American Public Health Association 1998) and 
the ascorbic acid photometric method (Murphy and Riley 1962). 
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 In cases where dissolved orthophosphate concentrations exceeded total 
phosphorus, the measured orthophosphate value was used for total phosphorus in load 
determinations.  These cases resulted from measured concentrations being within 
analytical error.  The variability between samples was used to calculate 95% confidence 
intervals for sample concentrations.  A simple linear interpolation was used to estimate 
phosphorus concentrations between sampling times (Kronvang and Bruhn 1996).  
Sediment and phosphorus loads were calculated as the product of concentration and 
discharge.  The 95% confidence intervals for phosphorus loads were calculated as the 
product of the 95% confidence interval for the concentration and discharge. 
 
Estimation of stream bank phosphorus contribution 
 Stream bank strata were sampled for bulk density using methods described in 
Chapter 2.  Soil phosphorus samples were collected adjacent to bulk density samples 
using a 2.5 cm soil core probed to a depth of 15 cm.  The sampling depth was chosen to 
match the annual recession rate of very severely eroding stream banks (USDA-NRCS 
1998).  Soil total phosphorus samples were air-dried, 2 mm sieved, and ground with a 
mortar and pestle.  Soil total phosphorus concentrations were measured via alkaline 
oxidation (Dick and Tabatabai 1977) and the Murphy and Riley (1962) ascorbic acid 
colorimetric method, with two soil samples of known concentration as controls.  Soil 
phosphorus concentrations were averaged for each geologic formation.  The final 
stream bank phosphorus concentration was calculated by weighting the mean 
concentration for each formation by their proportion of the total bank height.   
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Total soil loss from stream bank erosion was estimated using methods described 
in Chapter 2.  The total soil loss was combined with the weighted mean stream bank 
phosphorus concentration to estimate phosphorus losses from bank erosion.  The 
stream bank phosphorus contribution to watershed phosphorus export was estimated 
by dividing bank phosphorus losses by phosphorus export from the Onion Creek 
watershed.  As calculated, the bank phosphorus contribution assumed no change in 
stream bed phosphorus storage, or inputs from gully or upland sources.  Stream bank 
phosphorus contributions were estimated for each biannual and focus subset 
measurement period.  Estimates of bank phosphorus contributions for storm flow 
events were calculated similarly from focus subset measurements.   
 
Results 
Stream bank soil sampling 
 Stream bank strata were analyzed for bulk density and phosphorus content to 
estimate sediment and phosphorus losses originating from stream bank erosion 
(Appendix A, B).  The DeForest Formation comprised the majority (~75%) of the 
measured stream bank height, and had a mean bulk density of 1.27 g/cm3 (95% 
confidence, 1.17 – 1.36 g/cm3).  The denser Dows Formation samples had a mean bulk 
density of 1.77 g/cm3 (95% confidence, 1.67 – 1.87 g/cm3).  The final bulk density 
weighted by the proportional bank height of each formation was 1.39 g/cm3.   
Little difference was observed in total soil phosphorus concentrations between 
stream bank strata.  The DeForest Formation samples had an average total phosphorus 
concentration of 379 mg kg-1 (95% confidence, 342 – 416 mg kg-1).  The Dows 
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Formation samples averaged 336 mg kg-1 phosphorus, with somewhat more variability 
(95% confidence, 239 – 432 mg kg-1).  One sample from the Dows Formation that tested 
considerably lower in phosphorus concentration was considered to be an outlier, and 
was therefore excluded from the average concentration (Appendix B).  Weighting the 
average concentrations of each unit by their proportion of the total bank height 
resulted in a mean Onion Creek stream bank soil phosphorus concentration of 368 mg 
kg-1.   
 
Sediment and phosphorus concentrations and export 
The first two years of the study were marked by drought (National Drought 
Mitigation Center 2012-15), and stream discharge ceased altogether during the summer 
months of 2012 and 2013 until spring in the following years.  Mean daily discharge over 
the latter half of the study (0.54 m3/s) from October 2013 – May 2015 was twice the 
average discharge observed over the first half of the study (0.27 m3/s) from March 
2012 – October 2013.  Stream discharge was flashy, and cumulative discharge over the 
entire study totaled 41.2 million m3.  Extended time periods with relatively stable 
hydrologic activity saw relatively little sediment and phosphorus flux from the Onion 
Creek watershed.  These drought and low flow conditions affected the observed 
sediment and phosphorus concentrations, export, and yields.  
 The cumulative dissolved orthophosphate (OP) load over the study period was 
5,461 kg (95% confidence, 5097 – 5825 kg) (Fig. 3.1), for a dissolved OP watershed 
yield of 0.30 kg ha-1 yr-1.  The cumulative total phosphorus (TP) load was 12,957 kg (Fig. 
3.1), for TP watershed yield of 0.71 kg TP ha-1 yr-1.  Thus, 42% of the TP load was 
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dissolved OP.  The 2014 OP and TP loads comprised 67% and 65% (3,682 and 8,405 
kg), respectively of the cumulative export.  Particulate phosphorus (PP) loads were 
estimated by subtracting the dissolved OP contribution from TP loads.  Similarly, 
concentrations of PP were estimated by subtracting the dissolved OP concentration 
from the TP concentration.  The cumulative PP load over the study was 7,496 kg, for a 
watershed yield of 0.41 kg PP ha-1 yr-1.  
 
 
Figure 3.1. Cumulative OP (blue line) and TP (red line) export from the Onion Creek 
watershed. 
 
 
Dissolved OP and TP concentrations in Onion Creek both ranged from non-
detectable levels to 1,864 μg-P L-1, when both peaked during a snow melt runoff event 
in March 2014 (Fig. 3.2).  The OP concentration tested slightly higher than the TP 
concentration in samples collected during this event, indicating that the TP load was 
completely dissolved.  OP concentrations were generally highest in spring months, 
particularly during snow melt flow events.  TP concentrations generally followed 
sediment concentrations (Fig. 3.2), and frequently rose above 1,000 μg-P L-1 during 
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storm flow events.  The mean dissolved OP and TP concentrations were 134 and 287 
μg-P L-1, respectively.   
 
 
Figure 3.2. Patterns of suspended sediment and total phosphorus concentrations in 
Onion Creek. 
 
 
Suspended sediment concentrations in Onion Creek were flashy and generally 
reflected discharge.  Sediment levels rose above 1,000 mg L-1 during several storm flow 
events, and peaked at ~1,950 mg L-1 during an April 2012 event (Fig. 3.2).  The mean 
suspended sediment concentration from all water samples collected was 96 mg L-1.  
Sediment export exhibited a stepped pattern (Fig. 3.3), with the majority of sediment 
export generally occurring around May – June each year during storm flow events.  The 
cumulative sediment export for the March 2012 – May 2015 study period was 5,689 
Mg, for a watershed sediment yield of 0.312 Mg ha-1 yr-1.  The 2014 sediment export 
accounted for 58% (3315 Mg) of the cumulative sediment load.  
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Figure 3.3. Cumulative sediment export and discharge from the Onion Creek 
watershed. 
 
 
Relation of sediment and phosphorus 
Sediment and phosphorus export loads were partitioned into 37 focus subset 
measurement periods, which occurred approximately monthly and after each storm 
flow event, to coincide with stream bank monitoring and to examine relationships 
between sediment and P transport.  PP export loads were closely predicted by sediment 
export over focus subset measurement periods (Fig. 3.4), with periods of high sediment 
export having high PP export.  Sediment concentrations generally reflected discharge in 
Onion Creek and, given the close relationship of PP and sediment export, PP loads were 
also closely related to maximum discharge rates (Fig. 3.5). 
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Figure 3.4. Relation of particulate phosphorus export to sediment export from Onion 
Creek. 
 
 
 
Figure 3.5. Relation of particulate phosphorus export and maximum discharge rates in 
Onion Creek. 
 
Concentrations of PP in Onion Creek were also related to sediment 
concentrations (Fig. 3.6), while OP concentrations were not significantly related to 
sediment concentrations.  Figure 3.2 also demonstrated a pattern between TP and 
sediment concentrations, with elevated TP concentrations generally accompanying 
elevated sediment concentrations.  TP concentrations deviated the observed pattern 
during spring runoff events that occurred over frozen soils (Fig. 3.2), which saw 
exceptionally high dissolved OP concentrations that increased TP concentrations 
despite relatively low sediment and PP concentrations. 
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Figure 3.6. Relation of particulate phosphorus and sediment concentration in Onion 
Creek. 
 
 
The ratio of dissolved OP to TP concentrations was determined for each water 
sample.  A low OP:TP value signified a low dissolved OP proportion and a high TP 
proportion, while a high OP:TP value signified a high dissolved OP proportion and a low 
TP proportion.  The lower the OP:TP value, the greater the proportion of TP in that 
sample.  Generally, as the OP:TP value decreased, the concentration of total P in water 
sample became less dissolved OP and more particulate-bound.  The ratio of OP:TP was 
compared to sediment concentrations for each water sample (Fig. 3.7).  Generally, the 
ratio of OP:TP decreased with increasing sediment concentration due to an increase in 
PP concentrations, with higher variability at lower concentrations of sediment and P 
(Fig. 3.7).  All 22 samples with sediment concentrations above a 200 mg L-1 threshold 
had OP:TP ratios that were less than 0.5.  Above a threshold of 200 μg-P L-1 for OP and 
TP, when the majority of both OP and TP export occurred, OP:TP ratios were more 
closely related to sediment concentrations and followed an exponential decay 
relationship (Fig. 3.8). 
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Figure 3.7. Relation of OP:TP and sediment concentrations for all samples collected in 
Onion Creek. 
 
 
 
Figure 3.8. Relation of OP:TP and sediment concentrations for all samples with OP and 
TP concentrations greater than 200 μg-P L-1. 
 
 
OP:TP ratios, along with stream discharge, were plotted as a function of time for 
the March – October 2014 portion of the study, which saw more active hydrologic 
conditions (Fig. 3.9).  Dissolved proportions were generally higher at lower discharge 
(Fig. 3.9).  OP:TP ratios dropped sharply during high flows, signifying an increase in the 
TP proportion that resulted from sediment suspension and accompanying high PP 
concentrations.  OP:TP ratios appeared to climb rapidly during falling hydrographs (Fig. 
3.9).  
  
80 
 
Figure 3.9. Patterns between OP:TP ratios (red line) and discharge (blue line) at the 
outlet of the Onion Creek watershed. 
 
 
Importance of stream bank erosion as a source of sediment and phosphorus 
Estimated from biannual recession measurements at all erosion pins plots, 
sediment loss from stream bank erosion over the study totaled 7,144 Mg, or 126% of 
the cumulative sediment export of 5,689 Mg (note that, unlike in Chapter 2, the bank 
sediment loss estimate used in this study included freeze/thaw deposition and removal 
cycles).  Thus, more sediment was estimated to have entered the stream channel from 
bank erosion than was exported from the watershed.  Bank sediment loss in excess of 
sediment export suggested that bank-derived sediment was stored within the channel 
or on the floodplain. 
Stream bank P losses and PP export were partitioned into biannual 
measurement periods to coincide with monitoring of the full erosion pin set and to 
analyze trends in bank P contributions (Table 3.1).  The overall stream bank P loss for 
the study period was estimated by combining the bank soil loss estimated from full pin 
set measurements with the weighted mean soil phosphorus concentration.  P losses 
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attributable to stream bank erosion over the study period totaled 2,629 kg, and 
accounted for 35% of the cumulative PP export of 7,496 kg (Table 3.1).  Compared to 
the cumulative TP export, stream bank erosion contributed enough phosphorus to 
account for 20% of both dissolved and particulate-bound P contributions.   
The contribution of stream bank P loss to PP export was variable over biannual 
measurement periods (Table 3.1), ranging from 0 to over 200%.  As some periods saw 
high PP export to relatively low bank P loss, the degree of bank P loss was not well 
correlated with PP export.  During the October 2012 – April 2013 and October 2013 – 
May 2014 measurement periods, stream bank P loss exceeded PP watershed export.  
The October 2012 – April 2013 period, however, was during drought conditions and 
saw relatively little bank erosion or P export from the watershed (Table 3.1).  The bank 
P loss in excess of PP export during the October 2013 – May 2014 measurement period 
was due to a major storm flow event that caused significant bank erosion on May 20, 
2014. 
 
Table 3.1. Summary of Onion Creek watershed soil and P losses from bank erosion, 
precipitation, discharge, and particulate-P export 
  
Mar 25 
2012 - 
Oct 20 
2012 
Oct 20, 
2012 - 
Apr 5 
2013 
Apr 5 
2013 - 
Oct 1 
2013 
Oct 1 
2013 - 
May 23 
2014 
May 23 
2014 - 
Nov 12 
2014 
Nov 12 
2014 - 
May 11 
2015 Avg Total 
Recession rate (cm/time) 0.95 0.85 4.47 5.30 0.94 -0.03 2.08 12.49 
Precipitation (mm) 578 130 515 370 704 197 416  
Mean daily discharge (m3/s) 0.18 0.04 0.61 0.24 1.03 0.48   
Maximum discharge (m3/sec) 3.7 0.38 21.20 24.06 16.03 4.27   
Cumulative discharge (m3 106) 3.7 0.5 9.5 4.8 15.3 7.5  41.2 
Total bank sediment loss (Mg) 543 488 2559 3032 537 -14 1191 7144 
Total bank P loss (kg) 200 180 942 1116 198 -5 438 2629 
Particulate-P export (kg) 212 85 2026 1026 3556 591 1249 7496 
% bank contribution to PP export 94 212 46 109 6 0 35 35 
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Stream bank soil and P loss, along with PP export, were estimated for the three 
most significant storm flow events that occurred during the study period, as measured 
by precipitation, maximum discharge rates, and water export (Table 3.2).  These events 
occurred in May 2013, May 2014 and June 2014.  The majority (79%) of both the 
stream bank soil and P loss occurred during these three storm flow events, which took 
place over approximately 11 days (277 hours) (Table 3.2).  These three flow events also 
exported 38% (2,856 kg) of the cumulative PP load and 49% (2,812 Mg) of cumulative 
sediment load from the watershed.  The bank erosion P contribution to PP export 
during the three storm flow events averaged 73%, higher than the bank P contribution 
of 35% that was estimated over the entire study period.  Stream banks contributed 
enough P in the May 2014 storm flow event to account for over 190% of the PP 
exported during the event (Table 3.2).  Thus, significantly more P entered the stream 
channel from bank erosion than was exported from the watershed. 
 
Table 3.2. Summary of Onion Creek watershed soil and P losses from bank erosion, 
precipitation, discharge, and particulate-P export for three major storm flow events. 
Date 5/26/2013 5/20/2014 6/30/2014 Total 
Precipitation (mm) 85.5 42.5 43  
Recession (cm/time) 2.68 5.45 1.72 9.86 
Duration (hrs) 145 78 54 277 
Max discharge (m3/s) 21.2 24.1 16.0  
Cumulative discharge 
(m3) 2264584 911276 1018760 4194619 
Total bank soil loss (Mg) 1532 3118 986 5636 
Total bank P loss (kg) 564 1147 363 2074 
PP export (kg) 1620 595 640 2856 
% bank PP contribution 35 193 57 73 
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Discussion 
Stream bank soil sampling 
 The weighted mean bulk density of 1.39 g/cm3 obtained from soil sampling was 
similar to the NRCS (1998) estimate of 1.36 g/cm3 for the study region.  Little variability 
in P concentration was observed between Onion Creek bank strata, similar to 
observations by Schilling et al. (2009) in a south central Iowa watershed.  The presence 
of P in similar concentrations in both the DeForest and the underlying Dows Formation 
confirmed that both strata were sources of P to the Onion Creek stream channel.  The 
presence of P in the glacial till of the Dows Formation, in similar concentration to the 
higher strata, can likely be attributed to P adsorption from stream and groundwater 
flow.  The similar P concentrations among bank strata may not necessarily imply 
similar P loads from erosion of each Formation, however.  Differing soil characteristics 
among strata likely influence their erosion rates and, therefore, their rate of P delivery.  
Erosion rates specific to the DeForest and Dows Formations were not available in this 
study.  The Dows Formation has a higher bulk density and clay content, and may 
therefore be more resistant to erosion (Knapen et al. 2007).  Yet, it is subjected to 
hydrologic scour more frequently by small magnitude flow events that only partially fill 
the stream channel, and therefore only induce scour lower on the bank face.  
Quantifying erosion rates specific to the Dows Formation and DeForest Formations 
would allow for estimates of their relative source contribution of P to Onion Creek from 
stream bank erosion. 
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Sediment and phosphorus concentrations and export 
Extended periods of drought early in the study may have elevated upland soil P 
concentrations and, compared to more normal hydrologic conditions, P concentrations 
and loads in Onion Creek may have been enhanced during the study period.  
Exceptionally high dissolved OP concentrations (and loads) in March 2014 were 
preceded by a prolonged drought period in 2013 that saw little to no P flux from the 
watershed due to a lack of precipitation.  When snow melt occurred over frozen soils in 
March 2014, infiltration was limited.  The high dissolved OP concentrations likely 
resulted from considerable P desorption when extensive runoff occurred over upland 
soil surfaces. 
The observed mean total phosphorus concentration of 287 μg-P L-1 was well 
above the USEPA (2002) recommended concentration limit of 76 μg-P L-1, and TP levels 
frequently rose above 1,000 μg-P L-1 during storm flows.  TP concentrations in Onion 
Creek persisted above this recommended limit throughout the majority of the study 
period (Fig. 3.2), and in a total of ~75% of all water samples collected.  The observed 
maximum TP concentration over the study period seemed to approach 2,000 μg-P L-1 
(Fig. 3.2).  The average OP concentration was 134 μg-P L-1.  Combining the mean OP and 
TP concentrations with cumulative discharge (41.2 million m3) produced loads of 5,521 
kg OP and 11,824 kg TP, similar to the cumulative export loads of 5,461 kg OP and 
12,957 kg TP.  Thus, the observed mean P concentrations were reasonably good at 
predicting their respective cumulative loads.   
The watershed TP yield of 0.71 kg ha-1 yr-1 falls on the lower end of the 
estimated range of 0.3-2.0 kg P ha-1 yr-1 of loss from agricultural sources (sheet and rill 
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erosion and ephemeral gullies) in Iowa (USDA-NRCS 1997).  The cumulative TP load 
consisted of 42% dissolved OP.  Therefore, we can estimate that 58% of cumulative TP 
load was sediment-bound P.  The magnitude of the dissolved OP load contributes to a 
growing perception of the importance of water movement, as well as sediment 
movement, in P transport.  P losses through subsurface pathways have, historically, 
been deemed to be negligible (King et al. 2015).  This perception, however, is evolving 
with contemporary research (King et al. 2015).  For example, an eastern Wisconsin 
study found that 17 to 41% of the TP loss across multiple field sites was delivered 
through subsurface pathways (Madison et al. 2014), similar to the dissolved OP 
proportion observed in this study.  It is possible that a large portion of the observed 
dissolved OP load, and therefore the TP load, was delivered to Onion Creek through 
artificial subsurface drainage and groundwater flow.   
The observed mean sediment concentration of 96 mg L-1 was comparable to the 
mean sediment concentration of 112 mg L-1 reported in a USGS study (Robertson et al. 
2006) that included watersheds near the study site.  The maximum observed sediment 
concentration in Onion Creek over the study seemed to approach 2,000 mg L-1, much 
lower than the maximum sediment concentration of 7,060 mg L-1 reported in the same 
USGS study (Robertson et al. 2006).  The observed sediment yield of 0.312 Mg ha-1 yr-1 
was similar to the sediment delivery rate of 0.3 Mg ha-1 yr-1 estimated in a previous 
assessment of the Onion Creek watershed using RUSLE2 in combination with a modeled 
delivery ratio from upland sheet and rill erosion (Wendt 2007).  Schilling et al. (2011) 
reported much higher average sediment yields of 1.4 and 1.6 Mg ha-1 yr-1 in two ~5,000 
ha south central Iowa watersheds.  These watersheds were located in an adjacent 
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ecoregion with a generally more rolling landscape and loess-derived soils (Schilling et 
al. 2011), highlighting the effect of topography and geology on sediment yields. 
PP export was strongly related to sediment export over focus subset 
measurement periods (Fig. 3.4).  Concentrations of PP and sediment were also closely 
related (Fig. 3.6).  Similar results were reported by Kronvang et al. (1997) during a two-
year study in an 1,160 ha watershed in Denmark that lies within a recently glaciated 
landscape that has been intensively drained and farmed, similar to the Onion Creek 
watershed.  In the same study, Kronvang et al (1997) also reported a relatively low 
watershed sediment yield of 0.08 Mg ha-1 yr-1 and a PP yield of 0.34 kg ha-1 yr-1, similar 
to the 0.41 kg PP ha-1 yr-1 observed in the Onion Creek watershed over the three-year 
period. 
High sediment levels during storm flows were typically followed by high TP 
concentrations (Fig. 3.2), driven by a positive relationship between PP and sediment 
concentrations (Fig. 3.6).  TP and sediment concentrations deviated from the observed 
pattern during spring runoff events that occurred over frozen soils (Fig. 3.2) due to 
exceptionally high dissolved OP proportions.  Under more normal conditions, TP 
concentrations were generally elevated by high sediment concentrations and 
accompanying PP.  During spring runoff events, however, the high dissolved OP 
concentrations elevated TP concentrations against relatively low sediment and PP 
concentrations.  The high dissolved OP and low sediment/PP concentrations may be 
attributable to desorption from upland soil surfaces and/or tile OP inputs, while the 
relatively low sediment and PP concentrations during spring runoff events were likely 
the result of frozen soil conditions. 
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Driven by an increasing PP proportion, the ratio of OP:TP generally decreased 
with increasing sediment concentrations (Fig. 3.7), with higher variability at lower 
concentrations of sediment and P.  The relationship between OP:TP and sediment was 
stronger at P concentrations > 200 μg-P L-1 (Fig. 3.8).  This threshold was significant in 
that the majority of both OP and TP export occurred when P concentrations exceeded 
200 μg-P L-1.  The OP load exported when OP concentrations exceeded 200 μg-P L-1 
comprised 51% (2,794 kg) of the cumulative OP load.  The TP export that occurred 
when TP concentrations exceeded 200 μg -P L-1 comprised 81% (10,470 kg) of the 
cumulative TP load. 
OP:TP ratios appeared to increase rapidly during falling hydrographs (Fig. 3.9).  
The increasing OP proportion and decreasing TP proportion during falling hydrographs 
likely signaled, in part, sediment-bound P falling from suspension as discharge rates 
decrease.  On the other hand, the increasing OP proportion may also signal desorption 
of sediment-bound P during and following sediment suspension.  Wildman and Hering 
(2011) also noted rising dissolved OP concentrations following sediment suspension.  
Similarly, Kronvang et al. (2012) found that sediment-bound P became bioavailable 
while being transported in surface water.  Increasing dissolved OP proportions 
following storm flows and sediment suspension also suggests a rapid transformation 
between sediment-bound and dissolved P in Onion Creek.   
Rising OP levels following stream flow events may also be partially attributable 
to dissolved OP inputs from artificial subsurface drainage, which is extensive in the 
Onion Creek watershed.  The 2011 stream survey noted 115 tile outlets into the stream 
(Leete 2013).  In another central Iowa study, Tomer et al. (2010) estimated that 42% of 
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the total P load during an individual runoff event originated from tile discharge, with 
the most of the remainder contributed by stream banks.  The P load delivered from tile 
discharge was comprised of >75% surface runoff, most of which entered the tile system 
through surface intakes (Tomer et al. 2010), which are also common in the Onion Creek 
watershed. 
 
Importance of stream bank erosion as source of sediment and phosphorus 
 Storm flows were responsible for much of the measured bank erosion and 
sediment and P export from the Onion Creek watershed.  During the three-year study 
period, three major flow events could account for 79% the total bank soil and P loss, 
along with 49% of the cumulative sediment and 38% of the cumulative PP export.  A 
multiple year study of eight agricultural watersheds in Wisconsin also reported that a 
small number of high flow events accounted for the majority of the total sediment and P 
loading (Danz et al. 2013).  Danz et al. (2013) estimated that the largest 10% of the 
loading events for each watershed contributed 73-97% of the total sediment load and 
64-88% of the total P load.  Monitoring of storm flows in Onion Creek further 
highlighted the influence of peak discharge events on the processes of bank erosion, 
and sediment and P export. 
P losses originating from stream bank erosion could account for 35% of the 
cumulative PP export (Table 3.1) and 20% of the TP cumulative export from the Onion 
Creek watershed during the study period.  The comparison between bank P loss and PP 
export may be more reasonable than the comparison with TP export, given that bank 
soil P was particulate-bound when eroded.  However, this assumes no P 
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transformations occurred during transport from the watershed, though it is likely that 
some of the sediment-bound P eroded from stream banks was converted to dissolved P 
upon mobilization.  Thus, deriving estimates of P contributions from stream bank 
erosion is further complicated.  This issue is not limited to stream bank or sediment-
bound P sources.  P inputs that originate as dissolved may adsorb to sediment within 
the system, and finally contribute to particulate-bound P export.  Conversely, sediment-
bound P inputs may transform and finally contribute to dissolved P export.  These 
dynamics present a major confounding factor in estimating relative P contributions 
from any source, and a problem that requires a large solution.   
The bank P contribution estimated in this study compares well with those 
estimated in a Danish river system.  Kronvang et al. (2012) estimated that 21-23% of 
the nonpoint P loss in a wet year and 44-62% of the nonpoint P loss in a dry year 
originated from bank erosion, and net P mobilization from bank erosion accounted for 
17-25% of the total P export from the basin (Kronvang et al. 2012).  As in the Denmark 
study, some of the variability in the relationship between bank P losses and P export in 
Onion Creek likely resulted from variable hydrologic conditions during the study 
period. 
Figure 3.4 exhibits a strong relationship between PP and sediment loads over 
focus subset measurement periods.  Considering that stream bank sediment loss was 
estimated to have exceeded watershed sediment export, and given the close 
relationship between PP and sediment export (Fig. 3.4), the stream bank P contribution 
to PP export of 35% seemed disproportionately low.  In other words, as stream banks 
were estimated to be a major contributor to the cumulative sediment load, supplying 
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over 100% of the watershed sediment export, and particulate-bound P export was 
closely related to sediment export, it would seem that stream banks should have 
contributed a greater proportion of the P export seem.  By these estimates, over 100% 
of the sediment was supplied by stream bank erosion to only 35% of the PP export.  
Therefore, 65% of the PP load could not be explained by bank erosion.  
In addition to a discrepancy between P and sediment export, the degree of bank 
P loss was not well correlated with PP export.  However, PP loads were closely related 
to sediment export and maximum discharges.  The lack of correlation between bank P 
losses and P export points to other factors that also contribute to the release and 
transport of P.  Given this, and a large part of PP export that could not be accounted for 
by bank erosion, it is likely that other P sources within the watershed also contributed 
significantly to P export.  Likely sources are upland sheet/rill and gully erosion, and 
resuspension of channel-stored sediment and P.    
One possible explanation for the discrepancy when comparing P and sediment 
export may be higher P concentrations in upland soils than in stream bank soils.  
According to the Iowa Department of Natural Resource’s geochemical database, upland 
soil P concentrations in Boone and Story counties are generally 500 – 1,000 mg kg-1 (K. 
Schilling, personal communication, 2015), significantly higher than the mean 
concentration of 368 mg kg-1 measured in Onion Creek stream bank soils.  While these 
results suggest that bank erosion was the greatest contributor to sediment export, it is 
possible that upland soils may have contributed more P per unit sediment than stream 
banks.  However, relatively little of the riparian area along Onion Creek would allow for 
significant surface runoff.  Row crop was not found in direct contact with the channel 
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anywhere during the 2011 stream survey (Leete 2013).  Instead, the majority of the 
riparian corridor along Onion Creek was in some form of grassland or forest, which 
would provide a reasonably good buffering potential along most of the stream.  
Therefore, the potential for surface runoff, particularly sheet flow, and the 
accompanying upland sediment and P contributions to Onion Creek may be low. 
Due to the relatively low potential for surface runoff to enter the stream, 
resuspension of channel sediment and P may be a more likely source of P export from 
Onion Creek.  Resuspension of bed sediment has been shown to be a major contributor 
of particulate and total P in surface waters (Svendsen and Kronvang 1993).  In a two-
year study of a Danish river system, Svendsen and Kronvang (1993) found that the 
retention of P within the river amounted to 20-22% of the annual total P export.  
Measurements of stream bank sediment loss and sediment flux from the watershed 
indicated channel and floodplain sediment storage.  While the bank P contribution 
calculation assumes that all P losses from bank erosion were immediately exported 
from the watershed, it is likely that some particulate-bound P was stored within the 
stream channel along with the bank sediment.  Given that bank sediment aggregated in 
the channel during the study, it is reasonable to assume that storage was ongoing prior 
to the study period.  Therefore, the supply of sediment and P within the channel may be 
abundant and resuspension may contribute significantly to export loads. 
Further, the October 2013 – May 2014 period saw high bank P loss as well as P 
export, largely due to a May 2014 flow event (Table 3.1, 3.2).  However, nearly all the 
bank P loss was estimated to have been exported during this period (Table 3.1).  During 
the following period from May – November 2014, a significant amount of P was 
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exported from the watershed, much more than could be accounted for by stream bank 
erosion (Table 3.1).  It is possible that the May 2014 flow event, in addition to causing 
bank erosion, was also capable of dislodging and remobilized sediment-bound P from 
the stream bed.  This could have made the remobilized P more easily exported in 
subsequent flows during the May – November 2014 period, and explain the high P 
export despite relatively low bank erosion during this period.  The strong relationship 
between P export and maximum discharge (Fig. 3.5) further suggests that some of the P 
export from the Onion Creek watershed may have resulted from remobilization of 
channel stored sediment and P during high flow events.  These events would be capable 
of inducing significant scour on the stream bed and of suspending and transporting 
sediment and P.  Re-suspension of channel stored, sediment-bound P may further 
explain the unaccounted for P when comparing P and sediment export in this study, and 
may present a major confounding factor when estimating stream bank P contributions 
to watershed P export. 
Estimating the importance of stream bank erosion as a source of downstream P 
flux is complicated as it must take into account all processes that release and transport 
P within the system.  Adsorption and desorption reactions must also be considered, 
though the magnitude of these processes is extremely difficult to determine.  Still, 
stream bank erosion was determined to be a major source of P to the Onion Creek 
stream channel, and perhaps the primary source of sediment.  The recovery process of 
stream systems with significant hydrologic alteration will naturally include a period of 
channel widening and aggradation, during which a large portion of sediment will be 
contributed from stream bed and bank erosion (Simon 1989).  This study further 
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emphasized the importance of stream channel erosion as a source of downstream 
sediment and P flux. 
 
Conclusions 
 
 From measurements in the Onion Creek watershed in central Iowa, sediment 
transport was observed to be a major source of stream water P, given that the majority 
(58%) of the TP load was sediment bound and the observed relationships between 
sediment and P transport.  At the same time, 42% of the TP load was dissolved OP and, 
thus, a large portion of the P export was not associated with sediment movement.  
Rising OP levels following storm flow events may signal a rapid transformation 
between sediment-bound and dissolved P following sediment suspension, and/or 
dissolved OP inputs from artificial subsurface drainage, which may also contribute to P 
loads during base flow.  We additionally observed that bank erosion is a major source of 
stream sediment and P loading within Onion Creek, which could account for 126% of 
the sediment export and 35% of the PP export from the watershed during the three-
year period.  Still, a large portion of the P export from the watershed could not be 
explained by stream bank erosion, indicating that other factors are also important to 
watershed P flux.  It is possible that a significant portion of the watershed sediment and 
P export may originate from the resuspension stream bed sediment. 
  While this study emphasizes the importance of bank erosion in P flux, it also 
highlights the complications in deriving estimates of relative P source contributions to 
watershed P export.  The contribution of bank erosion to watershed export loads must 
account for many dynamic processes releasing and transporting both P and sediment.  
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Among other factors, the relationship is confounded by inputs from upland sheet and 
rill erosion, gully erosion, tile drainage, and the resuspension of bed sediment.  P inputs 
from all sources are also prone to transformations as they are transported within the 
stream system, further confounding derivations of P source contributions. 
 These results may aid in planning management practices to mitigate sediment 
and P loading to surface waters from agricultural landscapes.  Given the observed 
influence of maximum discharge rates, a reduction in peak flow events would be 
necessary to significantly reduce sediment and P loading.  These results additionally 
provide a valuable dataset for researchers who wish to include bank erosion as a source 
of P when analyzing or modeling P sources and loading. 
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CHAPTER IV 
CONCLUSIONS 
 
Stream bank erosion is increasingly considered a major source of sediment and 
P delivery to surface waters from agricultural landscapes.  To achieve water quality 
goals, additional research is needed to characterize and manage sources of sediment 
and P delivered to stream systems.  An improved understanding of the processes 
controlling the erosion and transport of sediment and P from agricultural landscapes 
will assist in making recommendations for well-targeted soil and water conservation 
practices.  This thesis increases our understanding of an emerging water quality issue 
by providing valuable insight on the importance of stream bank erosion and the role of 
sediment transport in P flux. 
The first study in this thesis examined stream bank erosion contribution to 
watershed sediment export, factors that control bank erosion rates and sediment 
export, and the influence of individual storm events.  Stream bank erosion was found to 
be the primary source of sediment to Onion Creek, as more sediment was estimated to 
have entered the channel from bank erosion than was exported from the watershed.  
Over the three-year study period, sediment losses originating from stream bank erosion 
exceeded watershed sediment export by 29%.   
Excess bank sediment was assumed to be stored within or adjacent to the 
stream network.  High channel storage of bank-derived sediment followed major storm 
flow events that supplied over 100% of the sediment to the event.  This stored sediment 
appeared to be incorporated in the sediment loads of subsequent flow events, with little 
or no new bank erosion, indicating a lag between sediment loss from bank erosion and 
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the export of eroded sediment.  Estimates of sediment storage are consistent with an 
aggrading and widening channel.  In the truest sense, however, an aggrading channel 
implies no erosion of the stream bed, though this likely occurred during the study.  It is 
possible that the channel evolution process in Onion Creek is disrupted by increasingly 
large peak flow events, given that maximum discharge rates appeared to be the primary 
driver of both bank recession rates and sediment export in Onion Creek.   
Extended periods of weathering with little hydrologic activity were followed by 
high sediment export relative to the degree of discharge and bank erosion.  This was 
attributed to a supply of easily mobilized sediment within the stream channel that was 
previously eroded from stream banks.  Therefore, the magnitude of sediment export 
from Onion Creek appeared to depend, somewhat, on the availability of previously 
eroded bank sediment. 
 The second study examined the importance of stream bank erosion and 
sediment transport as sources of stream water P.  P concentrations and loads were 
closely related to sediment transport, further emphasizing the role of sediment in P 
flux.  Yet, a substantial portion (42%) of the TP load was found to be dissolved.  P losses 
attributable to stream bank erosion were found to account for 35% of the sediment-
bound P and 20% of the TP exported from the watershed during the study period.  This 
study confirmed that stream bank erosion is a significant source of P, while also 
implying that other factors are important to P flux.  The observed relationship between 
P export and maximum discharge suggested that a large portion of the downstream 
sediment flux may have originated from the resuspension of stream bed sediment.  
Finally, observed relationships between dissolved OP and TP, discharge, and sediment 
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suggested a rapid conversion between particulate-bound and dissolved P in Onion 
Creek, as well as P inputs from subsurface flow. 
 Future work in the watershed should include estimates of sediment and P 
delivery from sheet and rill erosion, gully erosion, and all other sources, in order to 
complete a full watershed sediment and P budget.  Stream channel surveys completed 
on a regular basis could provide insight on how hydrologic conditions impact eroding 
stream lengths, and bank recession rates could be applied to the most current channel 
conditions.  Distributing erosion pins within each geologic member would allow for 
estimates of sediment and P losses from individual members, which may further 
improve the accuracy of the stream bank contribution.  Further, measurements of the 
total channel sediment and P storage would allow for a channel import – storage – 
export budget, and could support and verify some of the inferences presented in this 
study on the role of bank erosion and sediment resuspension in watershed sediment 
and P flux. 
 This study and others have shown that much of the sediment and P delivered to 
streams from agricultural landscapes can be attributed to stream channel erosion.  
Therefore, soil and water conservation practices focusing only on sediment and P 
delivery from upland sheet and rill erosion disregard a significant source of sediment 
and P and, thus, a large contributor to current water quality issues.  Other studies (e.g., 
Willet et al. 2012) have also recommended a greater focus on management practices in 
and near the stream channel.  An emphasis on channel sources may offer potential for a 
more thorough and immediate reduction in sediment and P loading.  Sediment and P at 
great distances from the stream are less likely to reach the channel, while sediment and 
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P loads originating from within or near the channel are, essentially, delivered 
immediately.  However, solutions to mitigate sediment and P loading from stream 
channel erosion may be complicated, as this erosion is inherent to channels still 
developing dynamic equilibrium. 
 The conversion of riparian land from intensive row crop agriculture and pasture, 
to grassland or riparian forest, is an important mitigation effort that may reduce bank 
erosion as a source of sediment and P (Zaimes et al. 2008).  This approach, however, 
may be less effective in deeply incised channels where the stream bed is below the 
rooting depth of most plants (Thorne et al. 1998).  Therefore, the solution likely 
requires more than just a change in riparian management.  The proposed role of 
sediment resuspension may be a major source of watershed sediment and P flux, and 
therefore the installation of grade control structures to prevent upstream knick-point 
migration may potentially limit further channel incision and stream bed erosion.   
Bank stabilization is another method of controlling bank erosion.  Stabilization, 
however, may only be a temporary solution in channels still developing equilibrium, 
and can even enhance erosion (Peigay et al. 2005) and create further problems 
downstream (Florscheim et al. 2008).  Others have additionally noted the extreme 
difficulty with confining streams to a fixed course (Nevins 1969; Florscheim et al. 
2008), and the ecological impacts of hard engineering seem to be the source of some 
debate (Madejcyzyk et al. 1998; Lyons 2005; White et al. 2010;).  Further, under more 
natural conditions, bank erosion has numerous ecological benefits (Florscheim et al. 
2008).  Biostabilization may offer a less permanent alternative with perhaps less 
potential for negative downstream effects than hard engineering, effectively slowing 
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bank erosion while still allowing for natural stream migration.  Some have advised 
against attempting to stabilize a degraded stream channel (Florscheim et al. 2008), 
arguing that habitat improvements, including stabilization projects, should not be 
implemented within evolving stream systems, and instead channel erosion should be 
allowed to occur until a new dynamic equilibrium has been reached (Haaveren and 
Jackson 1986).  However, this seems less appropriate in systems where bank erosion 
has been unnaturally accelerated by widespread channelization and drainage (Peigay et 
al. 2005).  While the issue should not be left unattended, the solution should be 
balanced, and mitigation efforts should not be extreme. 
 Efforts to mitigate stream bed and bank erosion and water quality impacts ought 
to be comprehensive and include both basin and reach scale approaches.  The influence 
of peak flow events on bank erosion and sediment and P export indicates that high 
stream flow rates are a driving factor in sediment and P losses from channel erosion.  A 
reduction in total stream flow and peak discharge rates may be the most critical and 
long-term component of remediation.  
 A supplement to any environmental or engineering solutions ought to include 
social research on cultural and behavioral drivers for land use practices that contribute 
to accelerated channel erosion and subsequent impairment of stream health.  This 
research could provide insight on the interest and feasibility of implementing 
conservation practices to reduce channel erosion and associated water quality issues, 
as well as an understanding of the constraints to adoption of potential solutions. 
 Stream channels naturally achieve stability through a period high sediment 
loading from widespread stream bed and bank erosion (Schumm et al. 1984), during 
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which overburden is removed, bank angles recede, and floodplains are restored, 
thereby allowing channel erosion to reduce naturally.  Stream bed and bank erosion 
and the attendant sediment contribution is, therefore, a natural and necessary recovery 
process in order to achieve long-term channel stability and the eventual reduction in 
sediment loading from channel erosion.  The aforementioned conservation solutions 
may offer ways to adapt to this natural evolutionary process by maintaining a slow, 
controlled release of sediment from channel erosion so that, during this process, 
sediment and nutrient loads are not elevated to levels that compromise aquatic 
integrity.  Just as other agriculture-related environmental issues require ongoing 
maintenance, reducing the impact of stream channel erosion on water quality will likely 
require an insistent and continual effort. 
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APPENDIX A 
STREAM BANK BULK DENSITY SAMPLING RESULTS 
 
Sample site 
Geologic 
Formation 
Bulk density 
(g/cm3) 
GT9 Site 1 0.5 m  DeForest 1.42 
GT9 Site 1 1.0 m  DeForest 1.44 
GT9 Site 1 1.5 m  DeForest 0.98 
G7 Site 2 0.5 m DeForest 1.41 
G7 Site 2 1.0 m DeForest 1.29 
G7 Site 2 1.5 m DeForest 1.12 
GT9 Site 6 0.5 m DeForest 1.42 
GT9 Site 6 1.0 m DeForest 1.23 
GT9 Site 4 0.5 m DeForest 1.21 
GT9 Site 3 0.5 m DeForest 1.14 
GT9 Site 3 1.0 m DeForest 1.01 
T6 Site 4 0.5 m DeForest 1.46 
T6 Site 4 1.0 m DeForest 1.37 
T6 Site 4 1.5 m DeForest 1.23 
GT6 Site 2 Dows 1.77 
GT9 Site 4 Dows 1.61 
T6 Site 5 Dows 1.82 
T6 Site 6 Dows 1.89 
GT6 Site 3 Dows 1.72 
GT6 Site 6 Dows 1.81 
   
DeForest mean bulk density: 1.27 
95% confidence:   0.09 
   
Dows Formation mean bulk density: 1.77 
95% confidence:   0.10 
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APPENDIX B 
STREAM BANK TOTAL PHOSPHORUS SAMPLING RESULTS 
 
Sample site Geologic Formation Total P (mg kg-1) 
GT9 Site 1 0.5 m  DeForest 307.1 
GT9 Site 1 1.0 m  DeForest 360.9 
GT9 Site 1 1.5 m  DeForest 385.0 
G7 Site 2 0.5 m DeForest 441.9 
G7 Site 2 1.0 m DeForest 534.0 
G7 Site 2 1.5 m DeForest 432.2 
GT9 Site 6 0.5 m DeForest 413.6 
GT9 Site 6 1.0 m DeForest 381.8 
GT9 Site 4 0.5 m DeForest 362.9 
GT9 Site 3 0.5 m DeForest 323.5 
GT9 Site 3 1.0 m DeForest 406.5 
T6 Site 4 0.5 m DeForest 329.2 
T6 Site 4 1.0 m DeForest 327.8 
T6 Site 4 1.5 m DeForest 299.8 
GT9 Site 4 Dows 279.8 
T6 Site 5 Dows 302.9 
T6 Site 6 Dows 332.1 
GT6 Site 3 Dows 470.8 
GT6 Site 6 Dows 292.4 
GT6 Site 2* Dows 78.6 
   
Holocene mean total P:   379.0 
95% confidence:   36.9 
      
DeForest mean total P:   335.6 
95% confidence:   96.8 
   
*Outlier   
 
